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ABSTRACT
In-Situ Chlorine Gas Generation for Chlorination
and Purification of Rare Earth
and Actinide Metals
Mark Schvaneveldt
Department of Chemical Engineering, BYU
Master of Science
Rare earth and actinide metals, critical to security, medicine, and the economy, have been
processed through methods such as solvent extraction and electrorefining. To minimize
radiological waste and improve yield, a ‘chloride volatility’ process—also known as the
chlorination and volatilization process (CVP)—has been proposed and demonstrated for
processing rare earths. The process takes advantage of the low vapor pressure of rare earth
chlorides (<<1 Pa up to 800°C) as the chlorinated impurities volatilize from the chlorinated rare
earths. These advantages may translate to the processing of actinide metals due to the chemical
similarities of lanthanides and actinides. Challenges associated with the CVP are minimizing
chlorine gas hazards and reducing the purified rare earth chlorides. This study seeks to
simultaneously address these challenges via electrolyzing molten rare earth chlorides into rare
earth metal and chlorine gas. Rare earth metals reduce onto a cathode and are extracted.
Simultaneously, chlorine evolves at an anode, convects upward, and chlorinates impure metal
that will be purified via the CVP. Chlorine production via electrolysis enables chlorine gas to be
produced within the chlorination process, eliminating the need for chlorine process vessels and
lines and their associated safety risks and procedures. Purified chlorides post-CVP can be
reduced to purified rare earth metal and used to generate chlorine for additional chlorination,
thus introducing an integrated purification and reduction process.
Experiments were conducted with lanthanum chosen as the representative rare earth in
the electrolysis process. Because rare earth chlorides have high melting points (>700°C), CaCl2
was added to LaCl3 to lower the melting temperature. LaCl3 electrochemical behavior has not
previously been studied in CaCl2. Cyclic voltammetry (CV) and square wave voltammetry
(SWV) were applied to LaCl3 salts in CaCl2-LiCl and CaCl2 to study the metal ion behavior.
Various electrode materials were compared at low CV scan rates (<30 mV s-1) to determine
compatibility with chlorine gas evolution.
Experiments of eutectic LaCl3-CaCl2 were performed and analyzed to determine the
efficacy of chlorine gas generation via electrolysis for the CVP. Through galvanostatic
electrolysis, oxidation of chloride ions and subsequent chlorination of rare earth was
demonstrated, with cerium chosen as the representative rare earth metal. Through a quadrupole
mass spectrometer plumbed in line with the electrolytic cell, the quality of the generated gas was
analyzed.
Keywords: rare earth, actinide, chlorine, molten salt, volatility, cyclic voltammetry, square wave
voltammetry, diffusion coefficient, exchange current density, electron transfer coefficient
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1. Introduction

Actinides and rare earth elements (REEs) are critical for current technology and the
economy. Because of properties associated with radioactive decay, actinides have been applied
to spectroscopy, cancer treatment, thermoelectric generators, and other essential applications.
Some actinides produce baseload energy in light water reactors or bolster national defense. REEbased materials serve as catalysts, magnets, electronics, ceramics, glasses, and other important
functions [1]. According to the US Geological Survey, mined REEs imported by the US were
valued at $110 million by the end of 2020 [1]. Despite this small market, REEs are increasing in
demand due to use in electric vehicles [2], [3]. REEs are also strategically important and cannot
easily be replaced in critical applications such as communication, transportation, and national
defense [4], [5].
Because of the critical need to produce REEs and actinides, improvement in their refining
processes can lead to more sustainable and safe production. Current methods for processing
these metals include solvent extraction, electrorefining (ER), salt distillation, actinide drawdown,
fluoride volatility, and other methods [6], [7]. Improvement upon these methods include the
reduction of difficult-to-manage radioactive waste generated by both actinide and REE metal
processing [6], [8]. There are limitations due to surface area of contact (electrorefining), batch
processing, suboptimal yield (actinide drawdown) and other aspects of these processes [9].
Regarding separation via volatilization, fluorinated actinides are difficult to separate because of
1

similar volatilization temperatures of fluorides [7]. REE and actinide refining needs
improvement in minimizing waste, separation efficiency, and yield.
Chlorination and volatilization can improve REE and actinide refining and has been
proposed for pyro-refining [6], [10]–[12]. In this chlorination and volatilization process
process—or chloride volatility process (CVP)—Cl2 gas, sometimes with H2 or CCl4, forms
chlorides with actinides, REEs, and other metals [6], [10]–[13]. Chlorides are more volatile than
their respective metals and differ from each other in volatility by several orders of magnitude.
Consequently, chlorides can be selectively volatilized at elevated temperatures [6], [13]–[19].
Having low vapor pressures (<<1 Pa up to 800°C), select REE and actinide chlorides can be
purified once the chlorinated impurities volatilize with a sweeping inert gas. High conversion
(99%) of REE metal to chloride was achieved with high grade (99.999%) Cl2 at elevated
temperatures (523-973K) [6]. Following this separation, the chlorides need to be reduced, if
metals or non-chloride products are desired. Due to high conversion of metals to chlorides, and
the promising results of chloride separation at elevated temperatures, the CVP can effectively
purify REEs and actinides. This is possible with much less actinide and radioactive waste
because no solvent is used—thus eliminating a significant and problematic waste product.
Notwithstanding effectiveness, the CVP also needs improvement. The CVP still needs an
effective reduction step of the purified chlorides to metals following volatilization. Also, the
current design employs Cl2 gas tanks or cylinders. Cl2 is a highly toxic and corrosive compound
with high risk. Any accidental release during transport, installation, delivery, or processing can
result in catastrophic consequences. This includes significant damage to equipment and can
result in major injuries and death. Therefore, the intention of this project is to generate Cl2 gas
‘in-situ’ (i.e., on-site within a single process vessel), reduce REE chlorides, and consume the Cl2
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via heated reaction with REEs and actinides simultaneously. In-situ generation removes the
danger of Cl2 transport, installation, and process lines, which greatly enhances the safety and
usability of the CVP.
Molten chloride electrolysis is a viable method for REE chloride reduction, in-situ Cl2
generation, and metal chlorination. Synthesized Cl2 convects upward from the generation point at
an elevated temperature and reacts with REEs and actinides suspended above the molten salt.
Eutectic LaCl3-CaCl2 is a favorable salt mixture to electrolyze for the molten chloride
electrolysis application to the CVP, due to favorable vapor pressure and thermal characteristics
[6], [19], [20]. The quality of synthesized Cl2 needs to be verified as a high grade gas to promote
a high conversion of metals to chlorides and avoid formation of oxides and oxychlorides [6].
Regarding Cl2 generation, molten chloride electrolysis offers a unique safety advantage.
In the case of a leak, the current source can be automatically shut off, which prevents the
accumulation of Cl2. In the case of potential application to actinides, nuclear facilities have strict
safety envelopes and requirements to which all current and future operations must comply, which
are rigorously reviewed and established [21]. For example, the U.S. nuclear facilities are
required to have a Documented Safety Analysis (DSA) and Technical Safety Requirements
(TSR) [21]. Any changes to safety envelope and requirements involve a long and rigorous
review process. Hence, minimization of Cl2 hazards can significantly reduce the burden of
potential adaption to actinide processing.
Molten chloride electrolysis also offers the advantage of simultaneously reducing purified
REE chlorides (post-CVP) and generating Cl2 to chlorinate impure REEs (see Figure 1-1). The
performance of molten chloride electrolysis for in-situ Cl2 generation, reduction of REE and
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actinide chlorides, and chlorination of impure REEs and actinides is evaluated to determine the

Impurities

method’s suitability for improving the CVP and the purification of REEs and actinides.

Chlorination

Cl2

Impure REEs/Actinides

Pure REE/Actinide
Chlorides

Impure REE/Actinide
Chlorides

Volatilization

Electrolysis

Current

Pure REEs/Actinides

Figure 1-1. Process Flow Diagram for in-situ Chlorine Generation and
CVP.
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The CVP has the advantages of purifying actinides and REEs without a solvent—
minimizing radiological waste—with selective separation (via volatilization) and a high
conversion of metal to chloride. Generating Cl2 for chlorinating REEs and actinides in-situ
minimizes Cl2 hazards and is much more favorable when adapted for actinide processing
facilities. Generating Cl2 through molten chloride electrolysis in the same container as the REEs
and actinides offers the advantages of minimizing Cl2 accumulation in the case of a leak and
simultaneously producing Cl2 in-situ and reducing purified REE or actinide chlorides. Concepts
to examine for implementing such a process include a survey of which chlorides to use for the
in-situ process (see section 2.5), what controls the electrochemical kinetics of the chosen molten
chloride system (see ‘Rare Earth Reduction’ studies, sections 3.1 and 4.1), and which electrodes
experience low corrosion/chlorination and the most rapid kinetics for Cl2 formation (see
“Electrode Performance’ studies, sections 3.2 and 4.2). The efficiency and quality of Cl2
generation through molten chloride electrolysis must also be examined for predicting the efficacy
of subsequently chlorinating REEs and actinides (see ‘Chlorine Generation’ studies, sections 4.3
and 5.3). Each of these items, as well as a demonstration of in-situ molten chloride electrolysis
chlorinating REEs (see ‘Rare Earth Chlorination’ studies, sections 4.4 and 5.4), is considered in
more detail for improving the CVP for the purification of REEs and actinides.
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2. Literature Review

A survey for topics such as REE and actinide refining, the CVP, Cl2 synthesis methods,
and molten chlorides is given in the following sections. Critical aspects for evaluating and
optimizing molten chloride electrolysis are also discussed.

2.1. Purification Methods of Actinides and REEs
Despite difficulties, there are several ways REEs and actinides are prepared and purified.
Each method has several advantages but also several drawbacks. Examples of methods include
electrorefining, salt distillation, actinide drawdown, solvent extraction, and fluorination.
Electrorefining (ER) is one common method for purifying metal. ER separates metal
from impurities through electrolysis in a solvent. The electrolytic cell contains metals, solvent,
and electrodes connected to a power supply. As electric current is applied to the cell, the impure
metal is selectively oxidized and transported to the cathode where the desired metal can be
selectively electrodeposited by controlling the cell potential. The more active metal ions oxidize
into and accumulate in the solvent. The cathode is removed with the deposited metal. Oftentimes
this cathode is a metal rod or liquid metal [22]. Removing metal deposits on the cathode is
accomplished through vacuum salt distillation, wherein residual solvent (molten salt) from ER is
removed. After the salt removal, actinide deposits are cast into ingots. All of this takes place in a
‘cathode processor’ [23]. Each step of this refining process is a batch process with manual
transfers between processing units.
6

REEs and actinides are often separated using ER, but there are challenges with this
process. For example, the process is limited to steps that are batch processes, taking more time to
refine these metals. Also, the electrochemical reaction is limited to the cathode-salt interfacial
surface area. The electrorefiner and cathode processor also generate significant waste from the
spent solvents and unrecovered actinides [23]. REE and actinide reduction amplifies waste as
oxidized metals and other impurities accumulate in the molten salt. In 2013, a typical nuclear
plant produced approximately eight to twenty metric tons (MT) of salt waste from the annual 100
MT of pyro-processed fuel [8]. Furthermore, solvents commonly used are chlorides, which are
highly water-soluble. Chlorides containing radiation need further processing via oxidation or
immobilization with catalysts (i.e., zeolites or glass composites) prior to disposal [8], [24]. Hence
reductions in salt waste will reduce the amount of processing and volume of waste.
Actinide separation from REEs also has challenges. REEs have similar properties to
actinides—this is why REEs are used as surrogates for actinides in experiments [25]. This
creates difficulties in selectively extracting actinides from REEs. Nonetheless, one approach that
has been used to separate actinides from REEs is actinide drawdown where actinides are
precipitated out of the molten chloride salts via metallothermic reduction [6], [9], [26]. This has
been applied to molten salt ER [26]. However, significant amounts of actinides still remain in the
salt after drawdown [6], [9]. One study demonstrated that extracting uranium from REEs in a
KCl-LiCl mixture had an 87% yield [9]. To increase the yield, designs were proposed to recycle
the chloride salts [26]. However, actinide drawdown currently has suboptimal yield and leftover
actinide waste. Also, as actinides are reduced, REEs or other metals are oxidized and added to
the volume of radioactive waste unless they are subsequently recycled back into the
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electrorefiner [27]. Therefore, actinide drawdown, like ER, still generates solvent waste and
actinide separation from REEs is limited.
Fluoride volatility refines actinides without liquid solvents, but it also has several
drawbacks. Gaseous F2 or HF react with actinides at 400°C to yield fluorides [7]. The fluorides
are separated via volatilization. It is commonly used for separating uranium metal from oxides.
However, fluorination requires handling highly corrosive and toxic vapors, F2 or HF. Due to the
products’ (hexafluorides and tetrafluorides) similar volatility, fluoride separation via
volatilization is difficult [7]. For example, the boiling points for NpF6, UF6, and PuF6 are 55, 57,
and 62°C, respectively. Fluorination reduces waste, if subsequent processing via solvent
extraction can be avoided, but introduces highly toxic gas handling.
Actinide and REE refining has also been achieved via chlorination followed by
volatilizing the chloride products [6], [10]–[12]. The ‘CVP’ method more readily separates REEs
and actinides from impurities because the vapor pressure differences of chlorides vary from two
to over 10 orders of magnitude at elevated temperatures (see Figure 2-1) [6], [9], [13], [14], [16],
[18], [19], [28]. This contrasts to fluorides, where vapor pressures are more closely spaced [7],
[29]. The conversion of REEs and actinides to chlorides, followed by volatility, can lead to
effective REE and actinide separation because actinides form chlorides that have higher vapor
pressures. The conversion of REEs and actinides to chlorides can reach up to 99% depending on
the Cl2 quality, gas-solid contact, and temperature [6], [10], [13]. Cl2 quality should be high. O2
decreases the extent of reaction [6]. Aside from optimizing Cl2 quality, high conversion increases
with gas-solid contact. Impure metals were reacted with H2 to form hydride particles smaller
than 2mm. Then the hydrides were exposed to Cl2 at 523-973K [6]. Impure metals were also
dehydrated and denitrated prior to chlorination [10], [11], [13]. Chlorination is not as limited by
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surface area due to abundant surface area between metal and flowing Cl2, as opposed to ER. The
chlorination process requires no liquid solvent, which minimizes radioactive waste and loss of
actinides found in ER, salt distillation, and actinide drawdown [6], [8]. Chlorination potentially
operates semi-continuously by loading impure metals, volatilizing the chlorides, and converting
the chlorides to metals which could potentially be done simultaneously with chlorination.
Despite these advantages, the CVP has yet to be applied to REE and actinide purification beyond
laboratory experiments.

Figure 2-1. Vapor Pressure of Chlorides as a function of Temperature
[6]. Note that REE and actinide Chlorides have generally low vapor
pressures compared to other chlorides.

2.2. Hazards of Chlorine Gas
One obstacle to the CVP is the use of Cl2, a highly reactive compound with high risk. As
a category 1 corrosive agent and oxidizer, Cl2 reacts with many substances. It reacts violently
with hydrocarbons and corrodes industrial metals—even some ‘noble metals’ [30], [31]. The
9

reaction spontaneity increases with temperature. Because of the high reactivity, any accidental
release of Cl2 has led to significant damage to equipment. Cl2 has been labeled as a ‘dangerous
good’ by the International Air Transport Association and International Maritime Organization
[32]. Due to high risk and heavy regulations to minimize unwanted exposure, significant effort is
required for transporting and using Cl2.
Notwithstanding the restrictions on handling Cl2, there have been accidents due to the
gas’ toxic properties. The accidents led to many injuries and fatalities. From 2017 to 2020, the
US Department of Labor reported 26 Cl2-related incidents—all led to serious injuries and three
led to death [33]. These incidents resulted from Cl2 release through transportation and
installation of process vessels and ruptures in process lines [33]. Injuries that resulted from Cl2
exposure include skin/eye irritation, tears, burns/blisters, pneumonia, erythema, and some cases
of cardiac arrest [32]. To mitigate the risk of exposure to Cl2, OSHA (the Occupational Safety
and Health Administration) limits the concentration of Cl2 gas exposure to 0.5ppm PEL
(permissible exposure limit) and 10ppm IDLH (immediately dangerous to life or health).
Adhering to the measures to minimize the risks of human exposure to Cl2 represents a significant
capital and operational cost.
Although Cl2 processing and handling is long-practiced and caused fewer accidents than
other common compounds (i.e., gasoline), reacting Cl2 with actinides would take place in nuclear
facilities with high safety requirements. Safety expectations for nuclear facilities are much higher
than for other establishments. Transporting Cl2 to a nuclear complex introduces additional risks
affecting the safety and operations of the facility. The introduction and handling of Cl2 in such
complexes require federal approval, if not already obtained, after thorough and arduous review
processes [21]. In addition to safety risks, any Cl2 leak will disrupt operations within a facility,
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reducing productivity. Due to safety risks, the lengthy review processes, and the potential for
disruption of operations, the CVP design should limit the transport, installation, and quantity of
Cl2 in process lines and vessels. Producing Cl2 in-situ minimizes potential leak points and
eliminates gas storage cylinders, reducing the risk of exposure. Leak points are further
minimized if Cl2 generation is in the same process vessel as the actinide chlorination. This same
vessel design also simplifies the CVP process design. Furthermore, the in-situ vessel design
simplifies the safety requirements.

2.3. Chlorine Gas Production Methods
Several Cl2 production methods for in-situ chlorination and volatilization were
considered. The most common method is brine electrolysis: the ‘chloralkali’ process. In 2016,
the diaphragm cell design for the chloralkali process produced approximately 75% of all
commercial Cl2 in the US [34]. Like the ER method, this design consists of a cell, solvent, and
electrodes connected to a power supply. As electric current is supplied, ions from the dissolved
chloride—typically NaCl—separate. The Cl- ions oxidize at the anode and form Cl2. Because H+
ions in H2O have a greater electrochemical potential than Na+ ions, H+ reduces rather than Na+ at
the cathode, forming H2. The Na+ ions form NaOH with OH- ions. A diaphragm separates the
ions and prevents NaOH and Cl2 from forming NaClO [34]. Despite a simple design,
inexpensive salts, and efficiency/reliability, the chloralkali process has several unfavorable
characteristics when considered for the CVP. Electrolysis in brine yields some O2 and H2O gas,
which will both react (even in trace concentrations) with REEs and actinides to form oxides with
low vapor pressures [6], [19], [35]–[37]. O2 byproducts are removed by cryogenically cooling
and condensing Cl2 and separating O2 and H2O; or stabilizing OH- ions with HCl [35], [36]. Wet
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Cl2 is dried by passing through concentrated H2SO4 [35]. This elaborate and energy intensive Cl2
purification process is not convenient for in-situ generation in the high temperature CVP.
Although Cl2 could be generated in a cell separate from the CVP point, this introduces additional
potential leak points and complicates the CVP and safety review process.
HCl reactions also produce Cl2 through electrolysis, catalysis, or reaction with
permanganate and dichromate salts. HCl electrolysis is comparable to the chloralkali process.
HCl electrolysis employs a cell and electrodes wherein current is supplied by a power source.
HCl is either anhydrous gas or diluted in H2O [15], [38]. Like the chloralkali process, H+ ions are
reduced at the cathode and Cl- ions are oxidized at the anode. Through catalysis, HCl oxidizes
via CuCl2 supported with Al2O3, pumice, or chlorides to mitigate instability at high temperatures
(450-500°C) [39], [40]. Other, more stable catalysts have been used as well (i.e., RuO2, SnO4)
[41], [42]. Gaseous HCl and O2 adsorb to the catalyst and yield H2O and Cl2. Through reacting
HCl with permanganate and dichromate salts, smaller quantities of Cl2 are created, typically in a
laboratory [40]. O2- radicals oxidize HCl at ambient temperatures. There are several benefits and
drawbacks in applying HCl to the CVP. Like the chloralkali process, HCl electrolysis has the
advantage of reliably generating Cl2, but also has competing cations that form H2. Electrolysis
also requires handling highly concentrated HCl and acid-resistant electrodes (i.e., metal catalysts
made into O2-depolarized cathodes) [38], [43]. Regarding catalysis, the catalysts are expensive
($20-50/gram), unstable and operate at limited temperatures. In the catalytic reaction with
permanganate and dichromate salts, H2O is produced and will cause unfavorable side reactions
[44]. These characteristics are not favorable for generating Cl2 in-situ with actinides and REs
present. In addition, all methods that require handling toxic and corrosive HCl to avoid doing so
with Cl2 is counterproductive and defeats the purpose of in-situ Cl2 generation for the CVP.
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2.4. Chlorine Gas Production via Anhydrous Chlorides
Chloride thermal decomposition is one possible way to create dry Cl2. As a chloride
exceeds its decomposition temperature, the energy—as heat—added to the salt exceeds that of
the ionic bond. The unstable chloride loses a chlorine radical, and the radical reacts with another
unstable chloride, leading to the formation of Cl2 molecules and stable chlorides with a lower
oxidation state in the central cations. Approximately 80 chloride species thermally decompose
[45]. Generally, REEs and transition metal chlorides are less stable and more likely to
decompose. There were no indications in literature that thermal decomposition was intentionally
used to produce Cl2. The reaction has been studied to know chloride stability limits. Nonetheless,
it is potentially a way to generate dry Cl2 in-situ for the CVP if the vapor pressures of byproducts
are low enough to avoid volatilization that leads to contamination.
Molten salt electrolysis compares to the chloralkali process but has unique features.
Molten salt electrolysis may not require a diaphragm and the aqueous solvent and byproducts are
eliminated. As current is supplied to the electrodes, metal ions migrate to the cathode and deposit
and the Cl- ions migrate to the anode to form Cl2. Molten salt electrolysis has produced Li, Mg
and Al metal [46]–[50]. If the anode is inert, Cl2 can also evolve, which occurs in the electrolysis
of MgCl2 with graphite anodes [48], [51]. This makes molten salt electrolysis an attractive option
for Cl2 synthesis. Chlorides that melt at high temperatures qualify, which provides a wide
selection of chlorides. NaCl and MgCl2 are commonly used due to natural abundance and lower
prices (< $1/gram) [40]. No cations compete for reduction at the cathode in pure molten salts,
unlike the chloralkali process. However, molten salt is more corrosive than brine. Molten salt
requires containers that withstand high temperatures and corrosion.
Applied to in-situ generation for the CVP, both anhydrous chloride methods have
favorable characteristics. Both methods can generate Cl2 free of O2 or H2O. Thermal
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decomposition is simple; it only requires a container for chlorides. Molten chloride electrolysis is
reliable and controllable if the required potential for Cl2 generation in the cell is known and
applied. No cations compete for reduction in molten chloride electrolysis, unlike the chloralkali
process, avoiding H2 formation. Also, simultaneous reduction of REE and actinide chlorides to
metal is possible. However, several aspects require investigation to apply the anhydrous chloride
methods to Cl2 generation and the CVP. These are the purity of Cl2 generated, Cl2 generation
efficiency, and potential for contamination via volatile molten salts or decomposition
byproducts.

2.5. Molten Salt Selection
Comparing the anhydrous chloride methods, molten salt electrolysis is reliable, capable
of potentially generating high-quality Cl2, and has minimal cation competition for reduction.
Concerning reliability, if the required potential is supplied, Cl2 continues to evolve from the
anode. High-quality, dry Cl2 is possible without extensive processing of electrolyzed gas if the
chloride salt has minimal oxides and moisture. Minimal to no cations compete with chloride
metal constituents for reduction, so there should be few unwanted reduction products such as H2
gas. In addition, it is possible to achieve simultaneous Cl2 generation for REE and actinide
chlorination as well as purified REE and actinide chloride reduction.
Molten salt electrolysis, applied to the CVP, needs chloride salts that satisfy certain vapor
pressure and thermal characteristics. The vapor pressures of electrolyzed chlorides need to be
much less than or much greater than the vapor pressures of REE and actinide chlorides that result
from chlorination (i.e., >> 1 Pa or << 1 Pa at 800°C). Low vapor pressures may prevent the
electrolyzed chlorides from volatilizing and being entrained with generated Cl2, hence avoiding
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contamination of chlorinated REEs and actinides. High vapor pressures may prevent
contamination by volatilizing the electrolyzed chlorides beyond the point of contact with the
chlorinated REE and actinides. In general, alkali and alkali-earth chlorides are much more
volatile than REE and actinide metal chlorides [6], [13]–[18], [28].
Also, the melting point needs be greater than 600°C and less than 800°C to ensure Cl2
generates with a temperature great enough (>250°C) to achieve high conversion of REEs and
actinides to chlorides in the cooler zone of the process [6], to prevent overheating in glovebox,
and to minimize volatilizing REE chlorides. Most REE chlorides with acceptably low vapor
pressures have melting points less than 800°C [6], [14], [17], [18], [45]. REE chlorides with
higher melting points are potential candidates for the CVP if the REE chlorides are mixed with
other suitable chlorides to lower the melting point of the salt. Furthermore, while electrolyzing,
the metal deposits must also have melting points greater than the chloride melting points to yield
a solid deposit and to avoid reacting the REE deposit with the crucible or container of the
electrolytic cell.
The cost of chlorides should be considered as well. Chlorides that cost less than $5 per
gram are preferred for cost-effective, repeated experiments.
Eutectic LaCl3-CaCl2 (28-72 mol% respectively) meets the critical characteristics for
molten chloride electrolysis applied toward the CVP, with a 630°C melting point and low vapor
pressures [6], [19], [20], [52]. As a REE chloride, LaCl3 is a suitable surrogate for determining
the efficacy of REE reduction following Cl2 generation and REE chlorination. Aside from having
a melting point exceeding the standard limit, LaCl3 satisfies all other experimental requirements.
Fortunately, CaCl2 mixed with LaCl3 lowers the melting point and CaCl2 also has a low vapor
pressure at elevated temperatures.
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2.6. Rare Earth Reduction Studies
La reduction has been studied in the LiCl-KCl [53]–[63], CaCl2-NaCl [59], [64], [65],
and NaCl-KCl [59], [66]–[68] systems. However, there are no publications found on the
electrochemical behavior of La in pure CaCl2 or in salts at high temperatures (> 600°C).

2.7. Anode Performance
Suitable anodes have not been compared in eutectic LaCl3-CaCl2 and high (>600°C)
temperatures. Nonetheless, anodes that were recommended for CaCl2-based systems include
noble metals and oxide-coated metals [69]. Examples of anodes that have been used are Pt, Ptcoated Mo, NiO-coated Ni, W, and graphite. Pt—and consequently Pt-coated Mo—[70], NiOcoated Ni [69], and graphite [71] are resistant to chlorination at elevated temperatures.

2.8. Chlorine Generation
Molten chloride electrolysis has been commonplace for electrowinning REE and
commercial metals, such as Mg and Li, for decades [46]–[48], [51], [65]. However, no
publications were found on the quality and efficiency of the Cl2 byproduct.

2.9. Summary
REEs and actinides have been refined through several methods. One method is the CVP,
which has the advantage of purifying REEs and actinides with minimal radioactive waste.
Nevertheless, the reduction of purified REE and actinide chlorides, and minimization of Cl2
hazards must be demonstrated. Generating Cl2 in-situ via molten chloride electrolysis, while
simultaneously reducing purified REE and actinide chlorides, addresses the challenges of the
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CVP. Eutectic LaCl3-CaCl2 is a suitable salt mixture for demonstrating in-situ molten chloride
electrolysis for the CVP due to favorable temperature and vapor pressure characteristics.
Electrochemical behavior for La in CaCl2 or in salts at high temperatures (>600°C), the
comparison of anodes in eutectic LaCl3-CaCl2, and the quality and efficiency of Cl2 production
from molten salts have not been studied before. Each of these gaps in literature, as well as the
demonstration of in-situ molten chloride electrolysis for the CVP, are examined via experiments
detailed in the following sections.
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3. Methods

There were four types of studies conducted: rare earth reduction, electrode performance,
chlorine generation, and rare earth chlorination. The methods for each experiment share much of
the same steps and equipment as detailed in the ‘Rare Earth Reduction’ experiments. Only the
methodology unique to each experiment following the ‘Rare Earth Reduction’ studies will be
detailed in subsequent sections. Any information that appears to be missing in subsequent
sections can be found in the ‘Rare Earth Reduction’ studies. Generally, employing a threeelectrode system and controlling the electrode immersion depth, as detailed in the sections that
follow, is standard for making electrochemical measurements. Employing a nickel Faraday cage,
consistently optimizing the compensation of resistance in the salt and inserting a platform
containing REEs above the molten salt are examples of unique contributions from this work to
the molten salt experimental techniques and procedures. For more details on these unique
aspects, consult chapter 5.

3.1. Rare Earth Reduction 1

Lanthanum is used as a model REE in this study. However, literature does not contain
information for La behavior in CaCl2. Critical behavioral aspects for La behavior include
Methods section for ‘Rare Earth Reduction’ studies taken from publication “Electroanalytical Measurements of
Lanthanum (III) Chloride in Molten Calcium Chloride and Molten Calcium Chloride and Lithium Chloride”,
https://doi.org/10.1016/j.jelechem.2022.116442.
1
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learning what potential to apply to optimize La electrowinning and Cl2 generation, how the
reaction is limited by kinetics and mass transport, etc. The rare earth reduction studies examine
the La reduction properties in CaCl2. A phase diagram was not provided in literature but
experimental observations on the melting point of LaCl3-CaCl2 eutectic are given in Appendix A.
The rare earth reduction studies also examine the La reduction properties in CaCl2-LiCl (23 and
77 mol%, respectively) for comparative purposes between solvents and to enable a more distinct
La deposition peak. A phase diagram of this system is provided in Appendix A
All electrochemical experiments were performed in a glovebox (LC Technology) under
an argon atmosphere. The experiments were conducted in a split tube furnace (MTI, OTF1200X-S-NT-LD), which melted chlorides at 690-825°C (see Figures 3-1 and 3-2). The furnace
was supported vertically by a custom stand. The furnace features an 8” heating zone and a
programmable controller. A nickel tube (Continental Steel, alloy 200, 2” OD, 0.065” width, 12”
length) was inserted into the tube furnace to shield the furnace interior from molten salt spillage
and vapors (see Figures 3-1 and 3-2). The Ni tube also served as a Faraday cage to shield the
experiments from electromagnetic induction from the coiled heating element wires in the
furnace. The bottom of the Ni tube was wrapped in coiled copper or tungsten wire, which was
grounded. The tube furnace and Ni tube were initially heated with exposure to O2, which
oxidized the tube. The nickel oxide layer provided a protective coating during experiments.
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Figure 3-1. Picture of ‘Rare Earth Reduction Studies’
electrochemical cell setup featuring the tube furnace, nickel
Faraday cage, stainless steel plug, and grounding wire.

Figure 3-2. Sketch of ‘Rare Earth Reduction Studies’
electrochemical cell setup featuring tube furnace interior,
electrodes, and vertical translator.
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3.1.1. Electrodes
The opening to the tube furnace was capped by a custom-built, stainless-steel plug (see
Figures 3-1 and 3-2). The plug consisted of two circular plates joined by metal screws. Holes
drilled through the plug positioned the electrodes as the electrodes were lowered into the molten
salt. The holes’ placement prevented noise that results from the electrodes being positioned too
close to the heating coils of the tube furnace. The holes’ placement also prevented shorting that
results from misaligned electrodes contacting each other. The working electrode (WE) was
lowered via a graduated vertical translator (Velmex, Part #A2509P10-S2.5 CO68120) with 0.025
mm (0.001”) precision mounted to the tube furnace’s stand (see Figure 3-2).
A potentiostat (Metrohm Autolab, Model PGSTAT302N) supplied power to the
electrodes from outside the glovebox. The potentiostat connected to the electrodes through
binding posts on the glovebox and through sleeved alligator clips with spade terminals. As the
potential applied to the electrodes was varied, the WE current response was recorded.
Experiments were repeated at varying scan rates.
The WE was a 0.5mm tungsten wire (Alfa Aesar, 99.95%, stock no. 42233) or a 1.5mm
tungsten rod (Alfa Aesar, 99.95%, stock no. 42233). The counter electrode (CE) was a coiled
0.5mm W wire or a 3.175mm W rod (Alfa Aesar, 99.95% metals basis, stock no. 10407). W rods
were more reliable because of their rigidity which resulted in fewer shorts and easier depth
measurements based on adhered salt. The adhering salt was measured post-experiment—to allow
for complete electrode wetting—using a digital caliper (General Ultratech, ±0.1mm). The postexperiment depth measurements were corroborated with depth estimates based on vertical
translator positioning. The depth of the WE was estimated using the vertical translator by
lowering the WE until the CV (cyclic voltammetry) current response at the electrode was stable
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(i.e., exceeded noise levels), indicating the electrode tip contacted the molten salt surface.
Additional lowering of the WE past this point approximated the length of electrode immersed in
salt.
The WE and CE were sheathed in alumina tubes (Advalue Technology, >99.6% Al2O3,
6.35 mm OD, ~100 mm height) (see Figures 3-1 and 3-2). The alumina tubes were positioned
high enough to avoid contacting the molten salt while electrically insulating the electrodes from
the stainless-steel plug. The alumina tubes were positioned in the stainless-steel plug by Viton Orings (6.07x1.78mm) (see Figure 3-2).
3.1.2. Reference Electrode
The reference electrode (RE) was constructed from closed-ended mullite tubes (McDanel
Ceramics, 60% Al2O3, 37.9% SiO2, 11mm OD, 305mm length) or alumina tubes (Advalue
Technology, >99.6% Al2O3, 12.7mm OD or 6.35mm OD, 305mm length). The 11mm OD
mullite and 12.7mm OD alumina tubes were thinned near the closed end with a tile saw, to
improve ionic contact between the RE and bulk solution. However, the thinner walls of the 6.35
mm OD alumina tubes did not require additional thinning via tile saw. The electrical lead for the
RE was a silver wire (Alfa Aesar, annealed wire, 99.9% metals basis). Approximately 380mm of
wire was pushed through the RE tube into the RE salts to the bottom of the tube by gently
shaking and tilting the tube 120°. Wire was re-used for newly prepared REs by cutting wire
exposed to RE salt in used REs. The REs were capped with tapered rubber (EPDM) plugs. The
RE was inserted into the stainless-steel plug and supported by a Viton O-ring. The RE tip was
inserted into the crucible salt and suspended just above the bottom of the crucible. The RE salt
melted for 30-60+ minutes prior to electrochemical measurements. The melting time assisted the
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‘impregnation’ of ions across the ceramic membrane and established better ionic contact between
the RE and crucible salt.
RE salt was approximately 5 mol% AgCl (Alfa Aesar, Premion®, 99.997% metals basis,
stock no. 10857) in experimentally dehydrated CaCl2 (Alfa Aesar, Calcium chloride dihydrate,
99% min, stock no. 33296). The salt was weighed with a Precision Balance (Radwag, Model PS
3000.3Y, 1mg readability, 4mg linearity) alongside a workstation ionizer (SPI Westek, Model
94000). The ionizer prevented significant weight differences from static charges in a dry
environment. The salt mass was verified by weighing the weight boats, closed-ended tubes, and
funnel (borosilicate, long-stem) before and after the addition of each compound to the RE. The
salt mass ranged from 1.57-1.61g in the 11mm and 12.7mm OD ceramic tubes and 0.77-0.82g in
the 6.35mm OD alumina tubes.
3.1.3. Ceramics Preparation
The alumina crucibles (Advalue Technology, >99.6% Al2O3, 40mm OD, 95mm height)
containing salt were placed inside the nickel tube and elevated within the tube furnace heating
zone. The elevated crucibles were supported by stacked alumina crucibles. Alumina, and other
oxides (zirconia and magnesia) are stable compounds in the presence of molten chloride salt and
are frequently used for molten salt electrochemistry experiments. The stability of the alumina
ceramics was confirmed from the lack of Al detection via ICP-MS of salt samples and reduction
peaks via cyclic voltammetry (see chapter 4). Some crucibles were cleaned and reused for some
electrochemical experiments. The used crucibles were immersed in water under low heat until
the salt contaminants—from prior experiments—dissolved. Then the crucibles were immersed in
aqua regia solution—5 vol% 1:3 HNO3 (Fisher Chemical, stock no. A200-500, 69-70% w/w) to
HCl (Fisher Chemical, stock no. A144-500, 36.5-38% w/w) in distilled water. The solution was
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heated until it boiled and then kept under low heat for 30 minutes. The crucibles were removed
and rinsed with water. Afterward, the crucibles were dried.
All ceramics were dried prior to experimentation. Ceramics were dried for 6-12 hours at
250°C in a vacuum furnace (Across International Vacuum, Model AT32e). The vacuum furnace
features a cold trap (Model T40-UL) and a vacuum pump (Model SuperVac-11C). Nitrogen
(Airgas, UHP200C) was added to this furnace after drying the ceramics under vacuum, to
minimize moisture contamination from air. The ceramics were subsequently transferred to the
glovebox and dried for 2 hours at 900°C.
3.1.4. Chloride Preparation
Chlorides were dried based on thermogravimetric data in the literature [72]–[74] prior to
experiments. The salts were dried in borosilicate bowls, which were placed in either the custom
oven in the glovebox or the Across International Vacuum oven used for drying ceramics.
However, LaCl3 (Alfa Aesar, Lanthanum (III) chloride, ultra-dry, 99.9% [REO], stock no.
35702) was not dried prior to experimentation, save on one occasion after suspected air
contamination from a glovebox leak. On this occasion it was dried by heating the salt up to
135°C for over 3 hours and 40 min, then held at 135°C for 24 hours. LiCl from Alfa Aesar
(anhydrous, 99%, stock no. 10515) was dried at 185°C for 4 hours and from Fisher Chemical
(≥98.5%, stock no. L121-500) was dried at 110°C for 3 hours, then at 186°C for 18 hours. CaCl2
dihydrate was dried by holding the oven temperature (while under vacuum) at 200°C for 24
hours.
50.4-51.1g of dry chloride salts were added to the crucibles for each experiment. The
salts were 0.49-1.02g LaCl3 (depending on the experiment) with the remainder either CaCl2 or a
CaCl2-LiCl (23 and 77 mol%, respectively) mixture. LaCl3 was added in small quantities
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compared to the molten solvent to maintain low current densities, minimal deposition onto the
electrode (i.e., surface area growth), and maintain the assumptions of derived electroanalytical
relations. Like RE salt preparation, the mass of chlorides was verified through weighing the
weight boats and crucibles before and after the addition of each compound. Mass was measured
with the Radwag Precision balance alongside the SPI Westek workstation ionizer.
Post-experiment, the temperature of the molten salts was measured. The electrodes were
removed, and a type-K thermocouple was inserted (Omega, KMQXL-125U-12) through the
stainless-steel plug. The thermocouple was attached to a digital thermocouple temperature
thermometer (Proster, Model JL:2183458, 1.5% accuracy, 0.1°C resolution). The temperature
was taken post-experiment to minimize corrosion of the thermocouple into the molten salt and to
accommodate the thermocouple by the removal of one of the electrodes after experimentation
(i.e., there are only three ports into the cell). Salt samples were taken via stainless-steel threaded
rods (2mm OD) and quartz capillary tubes (1.5mm ID) to verify chloride concentrations. The salt
samples were assessed via ICP-MS.
Table 3-1 provides the material and experimental conditions for each of the reported CV
tests.
3.2. Electrode Performance
The electrode performance studies evaluated anodes by comparing the potentials and
kinetic parameters for optimizing chloride oxidation. The kinetic parameters haven’t been
calculated and compared between viable electrodes via molten chloride electrolysis before.
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Table 3-1. Reported CV Experiments with Associated Properties and Materials.
Test

Wt%
LaCl3

Solvent
Matrix

Temp
(°C)

IR
Comp
(Ω)

CV1

1

CaCl2LiCl

697.8

CV2

1

CaCl2LiCl

CV3

2.2

CV4

1.5

CV5

2

CV6

2.2

WE
W
OD
(mm)

Surface
Area
(cm2)

0.3

0.5
wire

0.49

802.7

0.3

0.5
wire

0.49

820.8

0.25

822.0

0.12

CaCl2

794.5

0.3

0.5
wire

0.50

CaCl2

823.1

0.1

1.5
rod

0.54

CaCl2LiCl
CaCl2LiCl

1.5
rod
1.5
rod

0.21
0.62

CE W
OD
(mm)
0.5
coiled
wire
0.5
coiled
wire
3.175
rod
3.175
rod
0.5
coiled
wire
3.175
rod

RE
Ceramic

Ag
OD
(mm)

AgCl
(mol
%)

Thinned
Mullite

0.64
wire

5.27

Thinned
Mullite

0.64
wire

5.27

Alumina
Alumina
Alumina
Alumina

0.64
wire
0.64
wire
1.2
Ag
wire
0.64
Ag
wire

5.15
4.27
5.71
4.93

3.2.1. Electrodes
As the potential applied to the electrodes varied, the WE current response was recorded.
Experiments were repeated at low scan rates (25 mV s-1 and 10 mV s-1). For the 10 mV s-1
experiments, the custom stainless-steel plug was used. For the 25 mV s-1 experiment, the opening
to the tube furnace was capped by a nickel plate (Continental Steel, alloy 200, 3/16” thick, 2”x2”
piece). Three ¼” holes, drilled equidistantly through the plate, positioned the electrodes and
electrode sheaths as the electrodes were lowered into the molten salt. The electrode sheaths were
held in place with hose clamps.
The WE was a 1.5mm W rod (Alfa Aesar, 99.95%, stock no. 42233), 1mm W wire (Alfa
Aesar, 99.95%, stock no. 10411), 3.05mm graphite rod (Alfa Aesar, 99.9995%, stock no. 40765),
0.457mm platinum-coated molybdenum wire (Alfa Aesar, 99.99% Pt, 2 microns thick, stock no.
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14658), 0.25mm Pt wire (Alfa Aesar, 99.9%, stock no. 45093), 1mm Mo wire (Alfa Aesar,
99.94%, stock no. 10039), or 1mm pre-oxidized Ni wire (Alfa Aesar, 99.98%, stock no. 43133).
The Ni was oxidized following a procedure in literature [75] by sintering it in air at 900°C for 2
hours. The CE was a 3.175mm W rod (Alfa Aesar, 99.95% metals basis, stock no. 10407).
3.2.2. Reference Electrode
The RE was constructed from closed-ended alumina tubes (Advalue Technology, >99.6%
Al2O3, 6.35mm OD, 305mm length). RE salt was AgCl (Alfa Aesar, Premion®, 99.997% metals
basis, stock no. 10857) in dried CaCl2 (Alfa Aesar, Calcium chloride dihydrate, 99% min, stock
no. 33296).
3.2.3. Chloride Preparation
LaCl3 (Alfa Aesar, Lanthanum (III) chloride, ultra-dry, 99.9% [REO], stock no. 35702)
was not dried prior to experimentation. 50.4-51.1g of dry chloride salts was added to the
crucibles for each experiment. The salts were 0.98-1.1g LaCl3 with the remainder CaCl2 or
CaCl2-LiCl (23 and 77 mol% respectively). Salt samples were taken via stainless-steel threaded
rods (2mm OD).

3.3. Chlorine Generation
The chlorine generation studies assess the quality and efficiency of Cl2 gas generated via
molten chloride electrolysis. This information is also missing in literature.
3.3.1. Nickel Container/Reactor
A custom Ni container was inserted into the tube furnace. The purpose of the Ni
container, or ‘reactor’ was to shield the furnace interior from molten salt spillage and vapors and
to minimize Cl2 leaks into the glovebox (see Figure 3-3). Ni was chosen as the container material
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because it is resistant to chlorination at elevated temperatures [76], [77]. Any electrolyzed Cl2
from the molten reactor was siphoned off to a quadrupole mass spec gas analyzer.

Figure 3-3. Nickel Reactor. (Left): Reactor inserted into
tube furnace; (Right): Schematic of reactor featuring
interior.

The reactor consisted of a nickel pipe (Continental Steel, alloy 200, 1.5” schedule 10 OD,
12” long) welded to a custom-cut end Ni plate (Continental Steel, alloy 200, 1.9” OD) and open
nickel flange (Extreme Bolt, alloy 200, 1.5” NPT OD). Alumina crucibles and chloride salt were
placed in the reactor. More detail on the preparation of the alumina is presented elsewhere (see
section 3.3.4.). The reactor was joined to a blind Ni flange (Extreme Bolt, alloy 200, 1.5” NPT
OD), which had three ¼” threaded holes drilled in the center for electrodes to be inserted into the
electrolytic cell. A Grafoil gasket (McMaster, flexible graphite, pipe size 2), which is resistant to
Cl2, formed a seal between the flanges. The flanges were joined with four stainless-steel bolts,
nuts, and washers.
Three straight Ni fittings (McMaster, alloy C276, ¼” OD) were bored through and
fastened into each of the three holes of the blind flange with Teflon tape. Two alumina tubes
(Advalue Technology, >99.6% Al2O3, 6.35mm OD, 305mm length) were inserted through two of
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the compression fittings and holes in the blind flange to serve as electrically insulating sleeves
for the WE and CE. A Ag/AgCl RE in an alumina tube (Advalue Technology, >99.6% Al2O3,
6.35mm OD, 305mm length) was inserted through the third compression fitting and hole in the
blind flange. To seal the fittings and the ceramic tubes, the metal ferrules were removed and
replaced with Viton O-rings. Metal ferrules, when tightened, fracture small ceramic tubes. Teflon
tape further improved the seal by wrapping around the ceramic tubes and stretching the O-rings.
More Teflon tape was wrapped around the Ni nuts as needed.
Two Ni compression tees (McMaster, alloy C276, ¼” OD) were joined to the alumina
tubes insulating the WE and CE exiting the blind flange and straight fittings. The tees served as
the inlet and outlet and holder for the WE and CE. A portion of the alumina tubes in the tees
were cut out to allow gas to flow. A purge line fed to the tee connected to the alumina tube
holding the CE. The inert gas (Ar or N2) purge line was made from a stainless-steel barbed hose
fitting attached to a stainless-steel check valve and ¼” tube. A ¼” Teflon outlet line was
connected to the Ni tee and alumina tube holding the WE and directed the flow of electrolyzed
gas to the gas analyzer and/or the gas scrubber. This line and all other process lines made from
¼” Teflon tubing were joined to stainless-steel fittings, with Viton O-rings behind the ferrules to
improve the seals.
3.3.2. Electrodes
The WE was a 3.05mm graphite rod (Alfa Aesar, 99.9995%, stock no. 40765). The CE
was a coiled 0.457mm Pt-coated Mo wire (Alfa Aesar, 99.99% Pt, 2 microns thick, stock no.
14658) or a coiled 1mm Mo wire (Alfa Aesar, 99.94%, stock no. 10039). The WE and CE were
sheathed in alumina tubes and inserted through Ni tees. The WE and CE were held in place at the
top of the Ni tees by tapered rubber (EPDM) plugs. These plugs kept the electrodes from
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contacting the tee walls and sealed the top of the tees. The graphite was dried prior to
experimentation in the same manner as the ceramics in the ‘Rare Earth Reduction’ studies.
3.3.3. Reference Electrode
RE salt was AgCl (Alfa Aesar, Premion®, 99.997% metals basis, stock no. 10857) in
dried CaCl2 (Alfa Aesar, Calcium chloride dihydrate, 99% min, stock no. 33296) or eutectic
LaCl3-CaCl2. LaCl3 was purchased dried (Alfa Aesar, Lanthanum (III) chloride, ultra-dry, 99.9%
[REO], stock no. 35702).
3.3.4. Ceramics Preparation
Alumina crucibles (Advalue Technology, >99.6% Al2O3, 40mm OD, 95mm height) were
stacked inside the Ni reactor to elevate the crucible containing molten salt. The stacked crucibles
consisted of one regular crucible on top of another smaller crucible, which was cut (to a ~25mm
height). These crucibles were reused crucibles from previous electrochemical experiments, after
cleaning and drying according to the method present previously (see section 3.1.3).
The crucible that contained molten salt was a large, custom crucible that functioned as
both an electrolyte container and liner in the Ni reactor. As a liner, the custom crucible
minimized chlorination of the Ni reactor. The custom crucible was constructed from two alumina
crucibles, both 95mm long, with the base cut off one of them. The crucibles were joined with
high-temperature (1650°C) alumina paste (Cotronics, Resbond 989). The paste was dried air
dried for 4 hours, post-cured for 2 hours at 65°C, then heated for 4 hours at 200°C.
3.3.5. Chloride Preparation
LaCl3 (Alfa Aesar, Lanthanum (III) chloride, ultra-dry, 99.9% [REO], stock no. 35702)
was not dried prior to experimentation. CaCl2 dihydrate was dried by holding the oven
temperature (while under vacuum) at 200°C for 24 hours. 50.4-51.1g of dry chloride salts was
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added to the large, custom crucible. The salts contained eutectic CaCl2-LaCl3 (28 and 72 mol%,
respectively). Salt samples were taken similarly to how they were taken in the ‘Electrode
Performance’ studies.
3.3.6. Chlorine Generation Process
After all the major components were assembled, the chloride salt was melted in the Ni
reactor. Then a constant current or constant potential was supplied from the potentiostat to the
molten salt, such that a positive potential was applied to the WE and a negative potential was
applied to the CE. The expected electrochemical reactions at the WE and CE in the nickel reactor
are depicted in Figure 3-4. After Cl2 evolved from the salt surface, N2 (Airgas, UHP200C) or Ar
(Airgas, 99.997%) purge gas pushed the Cl2 out of the reactor (see Figure 3-5). The Ar gas
passed through gas purifier (PUR-Gas, MCTG-0080-XX) to reduce O2 and H2O to <1ppm. The
flow rate of the purge gas was controlled by one of two rotameters (for flowrates up to 0.05 LPM
or 20 LPM). As Cl2 exited the reactor via ¼” Teflon tubing, it entered a cold trap made from
nested Teflon tubes (1/2” and ¼” OD) capped by a 1/2” stainless-steel fitting and 1/2” stainlesssteel tee (see Figure 3-6). The purpose of the cold trap was to minimize volatile chloride
contamination of any additional equipment downstream of the Ni reactor.
The Cl2 exited the cold trap and could be diverted to one of two paths via a stainless-steel
three-way valve, either to the quadrupole mass spectrometry gas analyzer (Pfeiffer Vacuum,
OmniStar 350) or to the stainless-steel, capped scrubber (see Figures 3-7 and 3-8). The diversion
was intended to minimize volatile chloride contamination, should the chlorides travel past the
cold trap. In the first path, Cl2 traveled outside the glovebox and past the capillary tip of the gas
analyzer. The capillary tip is plumbed into the Cl2 process line via a Ni tee (McMaster, alloy
C276, ¼” OD) and sealed with a graphitized vespel ferrule (Thomas Scientific, 15%/85%
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Figure 3-4. Electrochemical Reactions during
Chlorine Generation Process.

Figure 3-5. Diagram of Small-Scale Cl2 Synthesis. Features flexibility of either Ar or N2 purge gas at
varying flow rates, Cl2 siphoned off to the gas analyzer in a tee outside the glovebox, and the gas analyzer
sampling exhaust.
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Figure 3-6. Cold Trap for
Cl2 and Volatile Chlorides.

graphite/vespel, 1/16” ID, ¼” OD). The gas analyzer sampled incoming gas and recorded the mass
spectrometry response. The Cl2 returned to the glovebox and flowed through the scrubber
(McMaster, 2” NPT OD, 6” long). The scrubber was filled with ~150g Chlorosorb packing
(Purafil, 35-45%/15-25%/15-25% carbon/aluminum oxide/carbonic acid-dipotassium salt),
which has been used for scrubbing Cl2 at industrial storage facilities. Experiments were
conducted to survey the efficacy of Chlorosorb under varying flow rates of calibrated Cl2 gas
(see Appendix B).

Figure 3-7. Quadrupole Mass Spectrometry Gas
Analyzer. Plumbed to Cl2 process lines outside
the glovebox.
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Figure 3-8. Scrubber filled
with Chlorosorb and plumbed
to the Cl2 process lines.

Detectors mounted on the glovebox monitored the concentration of Cl2 and HCl in the
laboratory and glovebox. In the event of a leak exceeding safe concentrations, a relay would cut
power to the potentiostat (to prevent gas accumulation) and sound an alarm (see Appendix C).
To accurately quantify Cl2, the gas analyzer was calibrated by passing calibrated gas
through the analyzer (Calgas, 2000ppm Cl2, balance N2). The concentration of calibrated gas
must be within an order of magnitude of the concentration of Cl2 expected to be generated. Also,
the purge or ‘background’ gas in the process lines must match the background gas in the
calibration. Therefore, to quantify Cl2 generated via electrolysis, the generated Cl2 was diluted
with N2 purge gas to the order of 1000ppm.

3.4. Rare Earth Chlorination
The rare earth chlorination studies demonstrate the viability of molten chloride
electrolysis for chlorination. This integrated process has not been previously attempted.
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The same custom Ni reactor used in the ‘Chlorine Generation’ studies housed the
electrolytic cell and was inserted into the tube furnace. However, synthesized Cl2 from the
molten salt was not siphoned off to the gas analyzer.
3.4.1. Electrodes
The WE was a 3.05mm graphite rod (Alfa Aesar, 99.9995%, stock no. 40765). The CE
was a coiled 0.457mm Pt-coated Mo wire (Alfa Aesar, 99.99% Pt, 2 microns thick, stock no.
14658). The WE and CE were sheathed in alumina tubes and inserted through the Ni tees, as was
done for the ‘Chlorine Generation’ studies.
3.4.2. Reference Electrode
The RE was inserted into the Ni reactor in the same manner as the ‘Chlorine Generation’
studies. RE salt was AgCl (Alfa Aesar, Premion®, 99.997% metals basis, stock no. 10857) in
dried CaCl2 (Alfa Aesar, Calcium chloride dihydrate, 99% min, stock no. 33296).
3.4.3. Ceramics Preparation
Alumina crucibles (Advalue Technology, >99.6% Al2O3, 40mm OD, 95mm height)
containing salt were stacked inside the nickel reactor, as was done in the ‘Chlorine Generation’
studies.
3.4.4. Quartz Containers
The crucible that contained molten salt was a large, custom quartz crucible (38mm OD,
35mm ID, 190mm tall) that functioned as both an electrolytic container and liner in the Ni
reactor (see Figure 3-9) to minimize chlorination of the Ni reactor. A quartz basket (33mm OD,
30mm ID, 50mm tall) was nested in the top of the crucible (see Figure 3-9) The top of the quartz
basket was flared (39mm OD at the top) so it could rest on the edge of the top of the crucible.
The basket was intended for holding impure REEs on a platform suspended above the molten
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salt. The base of the basket was a fritted disc (150μm pores) with three equidistant holes (7mm
OD). The pores in the fritted discs were meant to allow passage of synthesized Cl2 to contact and
chlorinate the impure REEs. The larger, equidistant holes were to allow electrodes and alumina
sheaths to be inserted through the basket and toward the molten salt. A second, identical fritted
disc (~15 mm above the base) was nested in the basket. The fritted disc at the base of the basket
was designed to block any volatile chlorides from contaminating the REEs. The second disc was
a platform containing the REE.

Figure 3-9. Quartz Crucible and Basket.
(Left): side-by-side view; (Right):
nested view.

3.4.5. Chloride Preparation
50.4-51.1g of dry chloride salts was added to the large, custom crucible. The salts
contained eutectic CaCl2-LaCl3 (28 and 72 mol%, respectively). Salt samples were taken
according to the method in the ‘Electrode Performance’ studies.
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3.4.6. Rare Earth Chlorination Process
After all the major components were assembled, the chloride salt was melted in the Ni
reactor, as was done in the ‘Chlorine Generation’ studies. Then a constant current was supplied
from the potentiostat to the molten salt. After Cl2 evolved from the salt surface, it convected up
the quartz crucible and contacted the suspended REE, polished cerium foil (Alfa Aesar, 99.9%
[REO], 1mm thick, 1.25x1.25cm piece, stock no. 10139) (see Figure 3-10). After holding the
current for 50 minutes, Purified Ar (Airgas, 99.997%) purge gas pushed the unreacted Cl2 out of
the reactor and process lines (see Figure 3-5). Unlike what was accomplished in the ‘Chlorine
Generation’ studies, rather than direct Cl2 past the gas analyzer outside the glovebox, the gas was
diverted directly to the scrubber. The REE and metal chlorides were removed. Samples were
taken from the chlorinated metal and subjected to detection with a Cl- ion-selective electrode
(Vernier, GDX-CL, 10% accuracy, ± 1000 mV range).

Figure 3-10. Cerium Foil before
Chlorination. Dark, gray oxide layer
removed before chlorination with 220
grit sandpaper.
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4. Results

The results for each set of experiments—rare earth reduction, electrode performance,
chlorine generation, and rare earth chlorination—are detailed in the following sections.

4.1. Rare Earth Reduction 2
The rare earth reduction studies examine the La reduction properties in CaCl2 and LiClCaCl2 (for comparative purposes) for several critical characteristics. Important parameters that
were calculated include the number of electrons exchanged (n) and the diffusion coefficient (Do).
The extent of electrochemical reversibility (kinetics and mass transport limitations) is also
discussed.
4.1.1. LaCl3 in CaCl2-LiCl
A ‘full window’ CV plot for LaCl3 in CaCl2-LiCl is shown in Figure 4-1. In this and the
CV curves that follow for this salt mixture, La is suspected to electrodeposit at B’ prior to Ca
likely reducing onto La at A”. Thermodynamic calculations predict CaCl2 has a more positive
standard reduction potential than LiCl [78]–[81]. Furthermore, La has a high solubility for Ca
according to the Ca-La phase diagram, which could result in a more positive deposition of Ca

Results section for ‘Rare Earth Reduction’ studies taken from publication “Electroanalytical Measurements of
Lanthanum (III) Chloride in Molten Calcium Chloride and Molten Calcium Chloride and Lithium Chloride”,
https://doi.org/10.1016/j.jelechem.2022.116442.
2
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due to reduced activity of the metal [82]. The La-Li phase diagram shows little interaction [83].
After A”, Ca and Li are co-deposited at A’, as has been reported for LiCl-KCl-CaCl2 [78], [79]
and LiCl-CaCl2 [84] melts. As the potential increases following reduction, Ca and Li oxidize at
A prior to La stripping at B. Note that from approximately 0 to 0.5V, material oxidizes gradually
at C prior to a sharp rise in oxidation current at D. C is suspected to correspond to the electrode
metal (W) oxidizing prior to the formation of Cl2 at D from the chlorine ions in the molten salt.
The lack of the associated reduction peaks for C and D indicates that the oxidation products
escape from the salt, are unstable or are not electroactive. In the case of D, Cl2 gas likely bubbles
out of solution before it can be reduced. In the case of C, the escape of gas bubbles associated
with a tungsten chloride compound is less certain since limited study of the anodic behavior of
W in molten chloride salts has been performed. The +4 oxidation state has been identified as the
lowest stable oxidation state of W in a molten chloride salt and an estimated standard reduction
potential of -1.119 V vs Cl-/Cl2 has been estimated at 973 K in molten NaCl-CsCl salt [85]. The
current slightly begins to rise on the C feature at ~1 V more negative than D, with a more
prominent rise starting at ~0.5 V more negative than D. Furthermore, the standard reduction
potential (Eo) has been estimated to be -0.630 V and -0.394 V vs Cl2/Cl- at 973 K for gaseous
WCl4 and WCl6 (boiling point: 620 K), respectively, based on thermochemical properties [80],
[86]. The spacing between C and D is approximately -0.5 V. In addition, dark blue material (the
color characteristic of WCl6) condensed onto the alumina sheaths housing the electrodes while
conducting CV tests. Hence, it seems reasonable to assume that C is related to the formation of
some tungsten chloride compound, which is likely gaseous or reacts with Cl2 to form a gaseous
product at CV1 test conditions (971 K, see Table 3-1).
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Figure 4-1. CV1 at 200 mV s-1. A/A’: Ca and Li
oxidation/reduction; A”: Ca deposition onto La; B/B’: La
oxidation/reduction; C: W oxidation; D: Cl- oxidation/Cl2
formation.

The La reduction peak height and peak potential were evaluated from the baseline as a
function of scan rate to determine diffusive and kinetic properties. In Figure 4-2, it appears that
the baseline could potentially shift more negative during B’. However, overlaying the CV plot of
CaCl2-LiCl with LaCl3 on the CV plot of pure CaCl2-LiCl (see Figure 4-2) demonstrated that the
background current is relatively constant where La reduction takes place (it decreased no more
than 0.005A cm-2 per volt). This baseline is essentially ‘flat’ compared to the decrease in current
density representing the reduction of La (see Figure 4-2). Assuming a ‘flat’ baseline for this salt
system yielded Do values comparable to those found in literature for La in similar salt systems
[59], [87], [88]. Also note that immediately after the La oxidation peak, there is a ridge or
‘shoulder’, which may be due to the higher concentration of LaCl3 (2.2 wt%). At higher
concentrations, more negative current densities are generated during the electrodeposition of La.
As a result, a thicker deposit of La metal forms. Upon oxidation, the underlying metal layers are
delayed in oxidizing into the salt until the top layers have oxidized. Furthermore, if the solubility
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limit for LaCl3 has been reached at the electrode-salt interface, then the underlying metal layers
are delayed by the diffusion of La3+ ions away from the WE. For all CVs containing less than 1.5
wt% LaCl3 no shoulder was observed. However, a conclusive explanation for the shoulder
requires further investigation.

Figure 4-2. CV3 at 200 mV s-1 overlaid on CV plot of CaCl2-LiCl, at
810°C at 200 mV s-1 with 0.25Ω resistance compensation (same
electrodes except the WE area is 0.39cm2). A/A’: Ca and Li
oxidation/reduction; A”: Ca deposition onto La; B/B’: La
oxidation/reduction.

4.1.1.1.

Scan Rate Relationships

According to Figures 4-3 through 4-5, there is a clear relationship between the CV scan
rate and the La reduction peak height in the CaCl2-LiCl salt matrix. As the scan rate increases,
the peak height also increases. According to Figure 4-4, the relationship between current
response at the WE and scan rate is linear, even up to high scan rates (up to 2.5 V s-1). For other
salt systems, it is more typical to see linearity at low scan rates before transitioning to a separate
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linear trend at higher scan rates [89]–[92]. This more typical behavior illustrates the transition
from electrochemical reversibility to irreversibility. Persistent linearity up to 2.5 V s-1 across
multiple experiments suggests that the reduction of La3+ is electrochemically reversible up to 2.5
V s-1 at these elevated temperatures.

Figure 4-3. Cyclic voltammograms from CV3 at multiple scan
rates. A’’: Ca deposition onto La; B/B’: La oxidation/reduction.

According to Figure 4-4, the potential of the La reduction peak position is consistently
independent of scan rate. For typical salt systems illustrating a transition from reversibility to
irreversibility, there is a dependence of reduction peak position on scan rate. This further
illustrates that this salt system is reversible up to high scan rates.
A possible transition from reversibility in CV3 (see Figure 4-5) was considered but
deemed conclusively negligible. At low scan rates (<100 mV s-1), the La reduction peak heights
and positions indicated a slight deviation in linearity and a dependence on scan rate respectively.
However, the La reduction peak height and position were difficult to measure at those scan rates
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Figure 4-4. Plots of peak height with the square root of scan
rate (top) and the trend of peak position with the natural log
of scan rate (bottom) for all tests in CaCl2-LiCl.

(see inset of Figure 4-3). The current density does not show a clear minimum. The peak heights
and positions cannot be verified because the peaks cannot accurately be distinguished from the
reduction of Ca. Hence, these estimations are deemed inaccurate and cannot be used to conclude
a transition from reversibility.
Excluding the data derived at low scan rates demonstrates a linear trend with respect to
reduction peak height and an independent trend with respect to reduction peak potential.
Therefore, data collected at low scan rates, with virtually indistinguishable peaks, were not
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Figure 4-5. Peak Height versus square root of scan rate (top)
and peak potential versus natural logarithm of scan rate
(bottom) for CV3. Excluding circled data, peak potential
does not have a definite trend with scan rate.

accounted for in evaluating kinetic and mass transport information for La3+ in CaCl2-LiCl (see
Figures 4-4 and 4-5).
Semi-infinite linear diffusion was verified after demonstrating that Eqn. (4-1) was
satisfied for all scan rates [93]–[96]:
𝐷𝐷𝑜𝑜 𝜏𝜏
≤ 3 × 10−3
𝑟𝑟 2

(4-1)

r is electrode radius (m), Do is the diffusion coefficient (m2 s-1) calculated from the Berzins-
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Delahay equations (see Eqns. [4-3] and [4-4]), and τ is defined as
τ=

𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛𝑛𝑛

(4-2)

If there was no error in measurement, and because semi-infinite linear diffusion was validated,
La3+ transport at low scan rates in CaCl2-LiCl is explained by natural convection rather than
radial diffusion [93]–[96].
4.1.1.2.

Berzins-Delahay Comparison

Relations derived by Berzins and Delahay [93] for soluble-insoluble systems were used
to analyze the data for mass transport and kinetic properties:
(𝑛𝑛𝑛𝑛)3 𝐷𝐷𝑜𝑜 𝜈𝜈
𝐶𝐶
𝑅𝑅𝑅𝑅

𝐼𝐼𝑝𝑝 = 0.6105𝐴𝐴�

∆𝐸𝐸𝑝𝑝 = �𝐸𝐸𝑝𝑝 − 𝐸𝐸𝑝𝑝⁄2 � = 0.774

𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

(4-3)

(4-4)

Ip is the reduction peak current (A), A is the surface area of the electrode immersed in electrolyte
(cm2), n is the number of electrons exchanged, Do is the diffusion coefficient of the analyte (cm2
s-1), ν is the scan rate (V s-1), T is the temperature of the electrolyte (K), and C is the
concentration of analyte (mol cm-3). Ep and Ep/2 are the peak potential and peak potential at half
height (V), respectively.
The Berzins-Delahay relations have been commonly used for determining the number of
electrons exchanged for soluble-insoluble systems, particularly for REE and actinide studies
[90], [97]–[100]. The number of electrons exchanged, n, was calculated using Eqn. (4-4) and the
measured difference of the peak potential 𝐸𝐸𝑝𝑝 and peak potential at half height 𝐸𝐸𝑝𝑝⁄2 . This

difference was calculated from the data via the software accompanying the potentiostat. Because
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La3+ is reduced, n is expected to be 3. However, n was 0.47-2.4, depending on the experiment
and scan rate.
To investigate the discrepancy in n, the predicted shape for the reduction peak based on
the Berzins-Delahay relations was plotted and overlaid with data in Figure 4-6. According to
Figure 4-6, the reduction peak of La does not behave exactly as predicted by the BerzinsDelahay relations—the peak width for the data is consistently broader. The broader peaks likely
result from deposition of La on a foreign substrate. Fatourus et al. performed computation
simulations of metal deposition on foreign substrates, which showed underpotential deposition
and broadening of the deposition wave [101]. This clearly demonstrates the need for improved
relations for predicting the shape of reduction peaks for metal deposition on foreign substrates in
molten salts.

Figure 4-6. CV3 Overlay of Normalized Current and Predicted
Berzins-Delahay Current.
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4.1.1.3.

Square Wave Voltammetry

Square-wave voltammetry (SWV) was used to determine the number of electrons
exchanged (n) using a step potential of 5 mV and pulse amplitude of 50 mV over a range of
frequencies. Figure 4-7 shows the resulting SWV response at 15 Hz. This does not form the ideal
bell curve typical of soluble-soluble reactions. This is partly due to the deposition of La onto a
foreign substrate. The deposition of metal onto a foreign substrate was investigated and modeled
by Fatouros and Krulic [102] and was further investigated and validated by Fuller et al. [103].
Fatouros and Krulic observed that the soluble-soluble model for the SWV peak width at half
height (W1/2) developed by Barker [104], Ramaley and Krause [105], and Aoki et al. [106], as
shown below, is “only right by chance” [102] in determining n in a soluble-insoluble reaction.
𝑊𝑊1/2 = 3.53

𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

(4-5)

Indeed, if Eqn. (4-5) is applied to the peak width at half height observed (0.0362 V) in Figure 47, a n of 6.79 is calculated. Fatourus and Krulic developed a relation for the width of the back
half of the peak at half height (w2) [102]:

where

𝒲𝒲2 = 0.37χ−0.5 + 0.45χ0.11 + (0.26 + 0.01χ)ρ
𝒲𝒲2 =

𝑤𝑤2 𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

∗
𝐶𝐶𝑜𝑜𝑜𝑜
�𝐷𝐷𝑜𝑜𝑜𝑜 Δ𝑡𝑡
χ=
Γ1

ρ=

∗
𝑛𝑛2 𝐹𝐹 2 𝐴𝐴𝑅𝑅𝑢𝑢 𝐶𝐶𝑜𝑜𝑜𝑜
�𝐷𝐷𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅√Δ𝑡𝑡

(4-6)

(4-7)
(4-8)

(4-9)

𝛥𝛥𝛥𝛥 is the pulse time (s), Γ1 is the monolayer density (mol cm-2), and 𝑅𝑅𝑢𝑢 is the uncompensated

resistance (Ω). All other symbols retain their previously defined meanings. Eqn. (4-6) is referred
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to as the ‘F&K Full Model’. Applying the observed w2 in Figure 4-7 and the conditions of the
CV3 test, a n of 2.98 is calculated. An approximated n can be calculated using a simpler model
proposed by Fuller et al. and assuming negligible uncompensated resistance [103].
𝑤𝑤2 = 0.9

𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

(4-10)

Eqn. (4-10) predicts a n of 2.93. To ensure that a frequency of 15 Hz (Δt1/2 = 0.183 s) is
appropriate for determining the number of electrons exchanged using Eqn. (4-10), w2 was
measured from SWV profiles over a range of frequencies. The w2 values observed are plotted in
Figure 4-8 along with w2 values predicted by Eqn. (4-6) (F&K Full Model) and Eqn. (4-10)
(Fuller Model). Eqn. (4-10) shows that w2 is independent of frequency. As illustrated in Figure 48, w2 plateaus after Δt1/2 = 0.1 s (50 Hz) confirming that the application of Eqn. (4-10) is
reasonable and a n close to 3 was not random chance.

Figure 4-7. SWV profile for La deposition onto a W
WE (area: 0.20 cm2) at 15 Hz (step potential: 5 mV,
pulse amplitude: 50 mV).
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Figure 4-8. Values of w2 for SWV measurements (step
potential: 5 mV, pulse amplitude: 50 mV) over a range of
frequencies for La deposition onto a W WE (area: 0.20 cm2)
with predicted values from models overlayed.

4.1.1.4.

Diffusion Coefficients

Do was determined for LaCl3 in CaCl2-LiCl, with varying temperatures and
concentrations of LaCl3 (see Table 4-1). The concentration of LaCl3 (mol cm-3) was found by
assuming that the molten salt mixture was ideal and the volumes of CaCl2, LiCl, and LaCl3 were
additive. The volume of the CaCl2-LiCl mixture was determined through linear interpolation of
data [107], and the volumes of LaCl3 and CaCl2 were determined through empirical relations
[108], [109]. Whenever ICP-MS was conducted for experiments to verify the concentration of
LaCl3 in the molten salts, this concentration was used to determine Do. However, salt samples
taken using quartz capillaries (CV1 and CV2) were very small (9.5-11 mg). ICP-MS analysis of
these samples resulted in concentrations of LaCl3 more than twice than expected based on
weighed salt masses. This may be due to non-representative sampling of the molten salt. In these
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cases, the concentration of LaCl3 was assumed from the measured weights of chlorides added to
the crucibles. The intervals for Do were determined with 95% confidence by assuming a
student’s t-distribution for each CV test.

Table 4-1. Diffusion Coefficients for LaCl3 in CaCl2-LiCl with
varying concentration and temperature.
Test

Temp
(°C)

CV1
CV2
CV3
CV4

697.8
802.7
820.8
822.0

ICP-MS
wt%
Evaluation LaCl3
No
No
Yes
Yes

1
1
2.2
1.5

Do (10-5 cm2 s-1)
Best
± 95% CI
Fit
1.92
0.0742
2.37
0.0994
1.67
0.0108
1.86
0.0749

According to Table 4-1, Do for LaCl3 in CaCl2-LiCl is within the same order of
magnitude and is greater than other values for similar salt systems at lower temperatures in the
literature. For example, Do was found to be 0.176 × 10-5 cm2 s-1 for 3 wt% LaCl3 in eutectic LiClKCl at 500°C [87], 0.289 × 10-5 cm2 s-1 at 550°C [88], and 0.831 × 10-5 cm2 s-1 at 525°C and 2
wt% LaCl3 [87]. Also, Do was found to be 1.17 × 10-5 cm2 s-1 for 7 ×10-5 mol cm-3 LaCl3 in
eutectic LiCl-KCl at 450°C [59]. Do was found to be 0.97 × 10-5cm2 s-1 for 1.7x10-4 mol cm-3
LaCl3 in equimolar CaCl2-NaCl at 550°C [59]. Due to the uncertainty in the concentration of
LaCl3 in CV1 and CV2, a trend cannot be verified. Despite the uncertainty, some of the data
supports the expected behavior for this salt system. For example, Do increases with temperature
between CV1 and CV2.
Data at higher scan rates (>1.5 V s-1) in CV4 was omitted from determining Do. The La
reduction peak height showed oscillation and a slight upward curvature from linearity (see
Figure 4-4). This curvature may result from surface area growth as higher current densities
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occurred, leading to La dendrites [58], [110]. Due to this behavior, such reduction peak heights
were excluded from Do calculations.
4.1.1.5.

Standard Apparent Potential

The standard apparent potential was determined for LaCl3 in CaCl2-LiCl using the
following Berzins-Delahay equation [93] (for soluble-insoluble systems):
𝐸𝐸𝑝𝑝 = 𝐸𝐸 𝑜𝑜′ +

𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅
ln 𝑥𝑥𝑜𝑜 − 0.854
𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛

(4-11)

Ep is the potential (V), Eo’ is the standard apparent potential (V), n is the number of electrons
exchanged, xo is the molar concentration of analyte, and T is the temperature of the salt (K).
Because the composition of the RE varied between experimental sets, the standard apparent
potentials were all adjusted to a 5 mol% AgCl RE composition by the following relation:
𝐸𝐸𝑝𝑝−𝑒𝑒𝑒𝑒𝑒𝑒 −𝐸𝐸𝑝𝑝−5𝑚𝑚𝑚𝑚𝑚𝑚% =

𝑥𝑥𝑜𝑜−𝑒𝑒𝑒𝑒𝑒𝑒
𝑅𝑅𝑅𝑅
ln
𝑛𝑛𝑛𝑛 𝑥𝑥𝑜𝑜−5𝑚𝑚𝑚𝑚𝑚𝑚%

(4-12)

xo-exp, xo-5mol%, Ep-exp, and Ep-5mol% (V), are the AgCl molar concentrations and the peak potentials
of the experimental and 5 mol% AgCl REs respectively. The calculated and standardized (i.e.,
adjusted to 5 mol% AgCl) standard apparent potentials are given in Table 4-2. The intervals for
Eo’ were determined with 95% confidence by assuming a student’s t-distribution for each CV
test.

Table 4-2. The standard apparent potential for
La3+/La couple in CaCl2-LiCl.
Test
CV1
CV2
CV3
CV4

Average
Potential
-2.178
-2.026
-1.809
-1.881

Eo’ (V)
Adjusted
Potential
-2.180
-2.028
-1.810
-1.880
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+/- 95% CI
0.006
0.003
0.001
0.003

4.1.2. LaCl3 in CaCl2
A ‘window’ CV plot for LaCl3 in CaCl2 is shown in Figure 4-9. In this and the CV plots
that follow for this salt mixture, La is suspected to reduce and electrodeposit prior to Ca. As the
potential increases following reduction, Ca is suspected to oxidize prior to La. At approximately
0.4V, the current density increases slightly. This is suspected to be the electrode (in this case, W)
oxidizing due to residual oxygen ions in the melt [111]. Note that the La reduction peak is
difficult to distinguish from the Ca reduction peak.

Figure 4-9. Cyclic voltammogram from test CV5 at 200 mV s1
. A/A’: Ca oxidation/reduction; B/B’: La oxidation/reduction;
C: W oxidation.

For this salt system, the La reduction peak height and potential were also evaluated from
the baseline as a function of scan rate to determine electrochemical behavior. It was suspected
that the baseline of the La reduction peak decreased or ‘curved’ in current density as the applied
potential decreased. The CV plots of pure CaCl2 were recorded and compared with LaCl3 in
CaCl2 (see Figure 4-10) to verify if the reduction peak baseline was relatively flat compared to
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the decrease in current density representing the reduction of La (as was observed for the CaCl2LiCl salt system). Evaluating the CaCl2 baseline presented some challenges. In Figure 4-10, the
baseline for the gray curve remains relatively flat leading up to B’, rather than gradually rising
like the black curve. Unlike the CV plot overlay of CaCl2-LiCl and LaCl3 in CaCl2-LiCl, the Ca
reduction peak in the CaCl2 baseline overlaps the La reduction peak. This occurred twice in
different electrolytic cells notwithstanding minimal temperature differences (<5°C) and using the
same RE. There is a notable shift in electrochemical behavior with La ions present. The change
in behavior casts uncertainty on a simple background subtraction approach. Because of the
overlap and shift in behavior, it was not possible to accurately determine the baseline trend.

Figure 4-10. CV plots for CV6 test at 200 mV s-1 overlaid on pure
CaCl2 at 200 mV s-1 with no resistance compensation (WE: 1.5mm
W rod with area of approximately 0.56 cm2, at temperatures
822°C, CE: 3mm W rod, RE: same RE used for CV6). A/A’: Ca
oxidation/reduction; B/B’: La oxidation/reduction; C: Contaminant
oxidation.
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4.1.2.1.

Scan Rate Relationships

The current rises with scan rate in Figure 4-11, but there were challenges in quantifying
the peak heights and potentials. Distinguishing the La reduction peaks from the Ca reduction
peaks was difficult, partially due to the proximity of the La and Ca reduction peak potentials.
The La reduction peaks are even more difficult to distinguish in CaCl2 than in CaCl2-LiCl. This
challenge extended up to high scan rates (2.5 V s-1). Consequently, using direct measurements
from the software accompanying the potentiostat to estimate the peak heights and positions are
not reliable.

Figure 4-11. Overlay of CV plots at select scan rates for test
CV6. A’: Ca reduction; B/B’: La oxidation/reduction.

The La reduction peak heights and positions were determined by semi-differential (SD)
analysis [112]–[115], [54]. SD analysis takes the derivative of the CV data to the one-half power,
which is a common practice in electrochemistry to enhance or distinguish reduction peaks. The
SD CV profile is compared to the directly measured CV profile in Figure 4-12. Although the
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reduction peaks are difficult to distinguish via direct measurements, the peaks are much more
obvious after semi-differentiation (see Figure 4-12).

Figure 4-12. Overlay of CV plot and SD CV plot of CV6 at 200 mV s-1.
A’: Ca reduction; B’: La reduction.

In SD analysis of CVs, there seems to be a relationship between the reduction peak
heights and positions with scan rate. The SD peak current appears linear with scan rate for
reversible and irreversible reactions (see Figure 4-13). The SD peak current has a trend that
deviates from linearity with respect to scan rate and the reduction peak position is not
independent of scan rate (see Figures 4-13 and 4-14). These relationships for the SD data, and
the consistent deviations indicate that there may be a transition from electrochemical reversibility
to quasi- or irreversibility for LaCl3 in CaCl2 as the scan rate increases. The quasi- and
irreversible regions are not indicated (see Figures 4-13 and 4-14) because the theoretical
behavior for these regions has not been established in SD analysis for electrodeposition.
However, the CV5 test differs from the CV6 test. In the CV5 test, the peak potential
departs from scan rate independence in the opposite direction, then stabilizes. It is unusual that
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Figure 4-13. Plots of semi-differentiated peak height versus
square root of scan rate (top) and peak position versus
natural logarithm of scan rate (bottom) for all tests in
CaCl2.

the trends in peak position with scan rate show different trends between experiments. The peak
potentials between the CV5 and CV6 data sets (see Figure 4-13) differ significantly due to
differences in the temperatures (795 and 823 K, respectively) and mol% of AgCl (5.71 and
4.93% respectively) in the REs (see Table 3-1).
The inconsistent results between CV5 and CV6 highlight the difficulty in analyzing metal
deposition peaks with significant interference and the need to improve the theoretical
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Figure 4-14. Semi-differentiated peak height versus square root
of scan rate (top) and peak position versus natural logarithm of
scan rate (bottom) for test CV6.

underpinning and data handling of semi-differentiated metal reduction peaks. For example, the
difference in trends of peak height and potential may be an artifact of the data or due to
differences in the extent of area growth and dendrite formation. Regarding data artifacts, it is
observed that, as the scan rate increases, the noise in the SD data increases. This is due to the
current being sampled at fixed potential steps. As the scan rate increases, the peak rises more
sharply, resulting in a greater difference in current between data points. When the discrete data
points are semi-differentiated, this difference becomes even more pronounced, leading to greater
uncertainty in where the true peak potential and current lies between data points. In addition, the
CV step potential (software default 2.44 mV) was constant through for CV5 and CV6.
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Evaluating the effects of varying the CV step potential may elucidate the relationship between
the resolution of SD data and peak currents and potentials, yielding insight into the potential
error introduced due to semi-differentiation. Further investigation into the proper techniques and
development of theory to support the interpretation of the SD metal deposition peaks would yield
a valuable tool in electroanalysis of complex systems.
4.1.2.2.

Diffusion Coefficients

To determine diffusion coefficients from semi-differentiated peak height ep, Eqn. (4-13)
was suggested in literature for soluble-insoluble reactions [115]:
𝑒𝑒𝑝𝑝 =

𝑛𝑛2 𝐹𝐹 2 𝐴𝐴𝐴𝐴 �𝐷𝐷𝑜𝑜
2𝑅𝑅𝑅𝑅

(4-13)

A is the surface area of the electrode immersed in electrolyte (cm2), n is the number of electrons
exchanged, Do is the diffusion coefficient of the analyte (cm2 s-1), T is the temperature of the
electrolyte (K), and C is the concentration of analyte (mol cm-3). Eqn. (4-13) was modified to
Eqn. (4-14) by substituting in Eo-νt for E(t) in the derivation presented by Tylka et al.[115] as
was done in the case of soluble-soluble reactions [113]:

where ν is the scan rate (V s-1).

𝑒𝑒𝑝𝑝 =

𝑛𝑛2 𝐹𝐹 2 𝐴𝐴𝐴𝐴 �𝐷𝐷𝑜𝑜
𝜈𝜈
2𝑅𝑅𝑅𝑅

(4-14)

Using Eqn. (4-14), Do was calculated for LaCl3 in CaCl2 (see Table 4-3). The derived Do
is somewhat comparable with that found in literature derived via SD techniques. For example, Do
was found to be 1.04 × 10-5 cm2 s-1 for 0.96 wt% LaCl3 in eutectic LiCl-KCl at 500°C [87] and
1.15 × 10-5 cm2 s-1 with 7x10-5 mol cm-3 LaCl3 at 450°C [59]. Do was found to be 0.95 × 10-5 cm2
s-1 for 1.7 × 10-4 mol cm-3 LaCl3 in equimolar CaCl2-NaCl at 550°C [59]. It was assumed that
CaCl2 and LaCl3 formed an ideal mixture, with additive volumes. The volumes of CaCl2 and
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LaCl3 were determined from empirical relations [108], [109]. ICP-MS was conducted for
experiment CV6 to verify the concentration of LaCl3 in the molten salts—this concentration was
used to determine Do. However, a salt sample was not available from CV5 for chemical analysis.
In this case, the concentration of LaCl3 was assumed from the measured weights of chlorides
added to the crucibles. Do was estimated by assuming that the baseline was ‘flat’ relative to the
decrease in SD current density representing the reduction to La. Although the derived Do
compares to that found in literature, the validity of using Eqn. (4-14) and assuming a ‘flat’
baseline for semi-differentiated CV data require verification through additional theoretical
development and experimentation.

Table 4-3. Diffusion Coefficients for LaCl3 in CaCl2 with
varying concentration and temperature.

4.1.2.3.

Test

Temp
ICP-MS
wt%
(°C) Evaluation LaCl3

CV5
CV6

794.5
823.1

No
Yes

2
2.2

Do (10-5 cm2 s-1)
Best
± 95% CI
Fit
0.264
0.000565
0.989
0.0195

Standard Apparent Potential

The standard apparent potential for La3+ reduction to La was calculated using Eqn. (4-15)
[115]:
′

𝐸𝐸𝑝𝑝 = 𝐸𝐸 𝑜𝑜 +

𝑅𝑅𝑅𝑅 𝑥𝑥𝑜𝑜
ln
𝑛𝑛𝑛𝑛 2

(4-15)

Ep in this case is the potential (V) for SD data. The value of the standard apparent potential was
adjusted to a 5 mol% AgCl RE potential for comparative purposes like what was done in Eqn.
(4-12). The resulting values for the standard apparent potential for La3+/La couple are given in
Table 4-4.
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Table 4-4. The standard apparent potential
for La3+/La couple in CaCl2.
Test
CV5
CV6

Average
Potential
-1.557
-1.789

Eo’ (V)
Adjusted
Potential
-1.561
-1.784

+/- 95% CI
0.006
0.008

4.2. Electrode Performance
Oxidation potentials and kinetic parameters were compared between anodic candidates.
To compare potentials, one practice is to vary the potential via CV experiments and measure the
current response at the WE. Metals that oxidize at higher potentials than that required to generate
Cl2 are the most viable anodes. Kinetic parameters include the electron transfer coefficient (α)
and exchange current density (Io), which provide insights into which anode optimizes chloride
oxidation.
4.2.1. Oxidation Points
Anodic candidates that were analyzed include Pt, Pt-coated Mo, Mo, W, NiO-coated Ni,
and graphite. All metals except NiO-coated Ni and Mo oxidized at higher potentials than that
required to generate Cl2 (see Figures 4-15 and 4-16). NiO-coated Ni (not shown) had
imperfections in the coating and consistently corroded past the oxide layer between several
oxidized Ni wires and resulted in complex CV plots. NiO-coated Ni was removed from
consideration as an anodic candidate. Despite the slight variation of the oxidation points between
experiments, graphite, Pt, Pt-Mo, and W oxidized at the highest potentials (see Figures 4-15 and
4-16). Mo oxidized at the lowest potential.
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Pt
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Potential [V vs Ag/AgCl (4.92 mol%)]
Figure 4-15. Current Density versus potential for 2 wt%
LaCl3 in CaCl2 at 805°C and 25 mV s-1. (CE: 1mm coiled W
wire, with no resistance compensation). WE: W wire with
0.4cm2 surface area; Graphite rod, with 0.71cm2 surface area,
Pt-Mo wire, with 0.28cm2 surface area; and Pt wire, with
0.06cm2 surface area.

Current Density (A cm-2)
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0.75
0.55

Graphite
Pt-Mo
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Mo
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Potential [V vs Ag/AgCl (4.93 mol%)]
Figure 4-16. Current Density versus potential for 2 wt% LaCl3 in
CaCl2 at 825°C and 10 mV s-1. (CE: 3.174mm W rod, with 0.18Ω
resistance compensation). WE: W rod [1st Trial], with 1.32cm2
surface area; W rod [2nd Trial], with 0.66cm2 surface area; Graphite
rod, with 2.47cm2 surface area; Pt-Mo wire, with 0.61cm2 surface
area; Pt wire, with 0.11cm2 surface area; and Mo wire, with 0.32cm2
surface area.
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Although Pt-coated Mo and W oxidized at potentials greater than that required to produce
Cl2, both were disregarded as anodic candidates. Pt-coated Mo oxidized at a high potential (>1
V) in the forward scan as the potential increased. Nonetheless, metal was suspected to have
oxidized on the return scan as the applied potential decreased, resulting in a return scan more
closely resembling the shape of Mo oxidation (see Figure 4-16). Furthermore, the Pt-coated Mo
wire continued approaching the behavior of the Mo wire with each subsequent scan. Pt-coated
Mo consistently oxidized between experiments after the first forward scan, perhaps due to
imperfections in the Pt coating or an insufficient Pt thickness to resist corrosion. Although W
achieved the highest oxidation potential in the molten salt, W reacted with the generated Cl2 (see
‘Rare Earth Reduction’ studies, section 4.1.1.). Hence, only Pt and graphite were concluded to be
suitable for Cl2 generation in molten salts at elevated temperatures.
4.2.2. Anodic Equilibrium Potential
The anodic equilibrium potential (Eeq) was determined for Cl- oxidation to Cl2 in LaCl3CaCl2 by observing where the natural logarithm of the current sharply decreases then suddenly
increases with respect to the potential in the return scan. This was done on the return scan rather
than the forward scan to minimize nucleation effects, which can impact Eeq due to activity
effects. Because the composition of the RE slightly varied between experimental sets, Eeq was
adjusted to a 5 mol% AgCl RE composition by Eqn. (4-12) (see the ‘Rare Earth Reduction’
studies, section 4.1.1.5.). The calculated and standardized (i.e., adjusted to 5 mol% AgCl) Eeq are
given in Table 4-5.
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Table 4-5. The anodic equilibrium potential of Cl- ions for
LaCl3 in CaCl2.
Eeq (V vs. 5 mol% AgCl RE)
Anode

25 mV s-1 Experiment 10 mV s-1 Experiment
Potential

W
Graphite
Pt

1.376
0.792
0.917

Adjusted
Potential
1.377
0.793
0.918

Potential
X
0.901
0.834

Adjusted
Potential
X
0.902
0.835

Eeq for each electrode varied between experiments, which may be attributed to the change
in scan rate, electrode type, operating temperature, and other experimental conditions. Eeq also
varied between the anodic candidates. Eeq was not determined for W in the 10 mV s-1 experiment
because it is suspected that the potential was not great enough to guarantee Cl- oxidation rather
than W oxidation, oxygen ions or other contaminants (see Figures 4-1, 4-15, and 4-16).
4.2.3. Exchange Current Density and Electron Transfer Coefficient
The exchange current density and electron transfer coefficient were determined via the
Butler-Volmer (BV) equation [95], BV linear approximation [95], logarithmic BV equation
[116], and Tafel equations [95], as shown below. The Butler-Volmer equation and variations
(BV linear approximation, and logarithmic BV equation), and Tafel equations (slope and
intercept), are listed together in two separate groupings:
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Butler-Volmer Relations:
BV
Linear BV
Logarithmic BV
Tafel Relations:

𝐼𝐼 = 𝐼𝐼𝑜𝑜 �𝑒𝑒

(1−𝛼𝛼)𝜂𝜂

𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

𝐼𝐼 = 𝐼𝐼𝑜𝑜 𝜂𝜂

𝑛𝑛𝑛𝑛

− 𝑒𝑒 −𝛼𝛼𝛼𝛼𝑅𝑅𝑅𝑅 �

𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

𝑛𝑛𝑛𝑛

ln (𝐼𝐼) = ln (𝐼𝐼𝑜𝑜 [𝑒𝑒 −𝜂𝜂𝑅𝑅𝑅𝑅 − 1]) − 𝛼𝛼𝛼𝛼

(4-16)
(4-17)
𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

(4-18)

Tafel Slope
Tafel Intercept

𝑚𝑚 = (1 − 𝛼𝛼)

𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

𝑏𝑏 = ln (𝐼𝐼𝑜𝑜 )

(4-19)
(4-20)

where I is the current density (A cm-2), α is the electron transfer coefficient, η is the overpotential
(V), m is the slope of the line tangent to the Tafel plot (see Figure 4-17), and b is the y-intercept
of the line tangent to the Tafel plot (see Figure 4-17), and Io is the exchange current density (A
cm-2). To apply these equations, it was assumed that mass transfer effects were negligible due to
the abundance of Cl- ions in molten LaCl3-CaCl2. The BV, logarithmic BV, and BV linear
approximation models are shown in Figures 4-17 through 4-20 for Cl2 formation on a Pt wire.
Io and α from each of the fitting methods for each electrode material are recorded in
Tables 4-6 and 4-7. The intervals for Io and α were determined with 95% confidence by
assuming a student’s t-distribution for each data set, that each model was correct, the linear
regression methods were proper, and that the chosen data segments were appropriate for
regression (in the case of the linear models). To achieve the highest current—and consequently
the highest oxidation rate of Cl-—the optimal anodic candidate must have the greatest Io and the
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Figure 4-17. Plot of the natural logarithm of current versus
overpotential for 2 wt% LaCl3 in CaCl2 at 825°C and 10 mV s-1.
(CE: 3.174mm W rod; WE: Pt wire, with 0.11cm2 surface area;
0.18Ω resistance compensation). Features Tafel fit.
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Figure 4-18. Plot of the current versus overpotential for 2 wt%
LaCl3 in CaCl2 at 825°C and 10 mV s-1. (CE: 3.174mm W rod;
WE: Pt wire, with 0.11cm2 surface area; 0.18Ω resistance
compensation). Features BV fit.
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Figure 4-19. Plot of the natural logarithm of current versus
overpotential for 2 wt% LaCl3 in CaCl2 at 825°C and 10 mV s-1.
(CE: 3.174mm W rod; WE: Pt wire, with 0.11cm2 surface area;
0.18Ω resistance compensation). Features logarithmic BV fit.
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Figure 4-20. Plot of the current versus overpotential for 2 wt%
LaCl3 in CaCl2 at 825°C and 10 mV s-1. (CE: 3.174mm W rod;
WE: Pt wire, with 0.11cm2 surface area; 0.18Ω resistance
compensation). Features BV linear approximation fit.

lowest α. According to Tables 4-6 and 4-7, the best-fit values of Io and α varied between
electrodes. The best-fit parameters also varied between regression models.
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Table 4-6. Current Exchange for LaCl3 in CaCl2 with varying Electrodes at 10
mV s-1.
BV-Linear
approx.
Best ± 95%
Fit
CI
Graphite 5.52 0.228
Pt
0.46 0.001

Io (10-2 A cm-2)
BV
Logarithmic
BV
Best ± 95% Best ± 95%
Fit
CI
Fit
CI
1.98
19.4
9.82
31.3
0.67
238
0.50
103

Tafel
Best
Fit
4.2
1.83

± 95%
CI
0.20
0.42

Table 4-7. Electron Transfer Coefficient for LaCl3 in CaCl2 with varying
Electrodes at 10 mV s-1.

Graphite
Pt

BV
Best ± 95% CI
Fit
(10-3)
0.00
12.3
0.00
4.6

α
Logarithmic BV
Best ± 95% CI
Fit
(10-4)
0.00
29.5
0.00
1.0

Tafel
Best ± 95% CI
Fit
0.528
0.97
0.336
0.92

Provided that the assumptions for deriving the confidence intervals are correct, there is a
statistically significant difference in the Io values between anodes and some models (the BV
linear approximation and Tafel equations) but not a difference in the α values. The differences in
Io values and intervals and α best-fit values between anodes is attributed to their unique electrical
conductivities and interactions with Cl- ions. The difference in Io and α values between the BV
linear approximation and Tafel equations may be due to incorrect assumptions unique to the
models (e.g., the system was not actually well-mixed, which is required for applying the Tafel
approximation).
The BV and logarithmic BV models have the largest confidence intervals in Io. The Tafel
model has the largest confidence interval in α. The large errors in Io are attributed to either
incorrect statistical assumptions of the models and data, or the difficulty of simultaneously
regressing logarithmic models to inflecting data and establishing the correct y-intercept. The
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large error in α via the Tafel model may be attributed to the variation in m, which may have
resulted from the scatter in the data points. Due to Cl2 bubble formation, there can be a large
amount of scatter in the data. All the other errors are at least an order of magnitude lower than
the best-fitted values.
Despite the variation in magnitude of the confidence intervals, the best-fitted parameter Io
for each anode is generally within the same order of magnitude between models. Also, α for each
anode is approximately zero between BV models despite variation with the Tafel equations.
The order of decreasing Io and increasing α between anodes is generally the same. In
order of decreasing Io, the anodes are graphite then Pt. In order of increasing α (best fit), the
anodes are Pt then graphite—though α is indistinguishable between electrodes when considering
confidence intervals.
From the viewpoint of kinetics, the recommended anode for Cl- oxidation is graphite with
a consistently higher Io. Aside from kinetics, graphite also happens to be the anode that resists
chlorination at very high temperatures (>700°C) and is less expensive. The quality of Cl2 gas
generated using a graphite anode (i.e., ≥99% Cl2, the presence of gaseous or entrained
compounds that inhibit chlorination) is needed to verify the suitability of graphite for Cl2
generation in the CVP.

4.3. Chlorine Generation
The efficiency and quality of Cl2 produced via molten chloride electrolysis of eutectic
LaCl3-CaCl2 was investigated. Provided that the electrolyzed Cl- ions form dry, pure Cl2, then
molten chloride electrolysis is a suitable method to chlorinate REE and actinide metals [6]
without the risk of O2 or H2O contamination.
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4.3.1. Efficiency
In the efficiency studies of Cl2 generation in molten eutectic LaCl3-CaCl2, the potential
reponse to an applied current of 1.5 A was greater than 2 V and steadily decreased over time (see
Figure 4-21). In response, the gas analyzer detected Cl2 until the concentration reached steadystate (~2600 ppm) at ~400 seconds (see Figure 4-22) as the Cl2 mixed with N2 purge gas flowing
at 4.1 ± 0.4 LPM. The gas was diluted to ppm levels for accruate measurement in the gas
analyzer (see section 3.3.6). The Cl2 concentration dropped 1 minuted after electrolysis ended.
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Figure 4-21. Electrolysis of eutectic LaCl3-CaCl2 at 798.1°C
held at 1.5 Amps. (CE: 1mm coiled Mo wire; WE: 3.05mm
Graphite rod, surface area 2.3 ± 0.04 cm2; RE: 0.5mm Ag wire
in 5.24 mol% AgCl in eutectic LaCl3-CaCl2).

The efficiency of Cl2 production via molten chloride electrolysis of eutectic LaCl3-CaCl2
was obtained via Eqn. (4-21):
𝛽𝛽 =

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶2 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶2 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(4-21)

Where β is the efficiency. The actual rate of produced Cl2 was determined from the gas analyzer,
which had an internal calibration. The internal calibration was extrapolated from data relating
raw intensities to calibrated Cl2 gas, with a 95% confidence interval assuming a student’s t-test at
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Figure 4-22. Gas Analyzer Chlorine Detection from Electrolysis and
Inert Gas Flow (~4 LPM N2). Electrolysis of eutectic LaCl3-CaCl2 (28
and 72 mol% respectively) at 798.1°C held at 1.5 Amps. (CE: 1mm
coiled Mo wire; WE: 3.05mm Graphite rod, surface area 2.3 ± 0.04
cm2; RE: 0.5mm Ag wire in 5.24 mol% AgCl in eutectic LaCl3CaCl2).

Steady-state flow (see Appendix D). The theoretical quantity of electrolyzed Cl2 was determined
with Faraday’s law:
𝑖𝑖 = 𝑛𝑛𝑛𝑛𝑟𝑟𝐶𝐶𝐶𝐶2

(4-22)

Where i is the current (A) and 𝑟𝑟𝐶𝐶𝐶𝐶2 is the Cl2 rate of formation (mol s-1). The theoretical quantity
is calculated by assuming 100% of current promotes Cl2 generation.

The efficiency of Cl2 generation was calculated to be 96.5 ± 9.7%. The greatest
contrubition to the error comes from the flowmeter, which has 10% error. The remainder of the
current was attributed to non-faradiac processes and the formation of other products. To identify
these other products, the gas quality study was performed.
4.3.2. Quality
In the quality studies of molten eutectic LaCl3-CaCl2, the potential response to an applied
current of 1.5 A was greater than 2 V and decreased over time. However, there were large
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fluctuating spikes (see Figure 4-23). The larger spikes may have been due to corrosion of the
electrode, changes in the gas-salt-electrode interface, as well as changes in the molten salt
composition over time. In response, the gas analyzer detected increasing signals over time of
mass fragments characteristic of Cl2 (see Figure 4-24 and Table 4-8). The increase in raw signal
above background noise (i.e., >1e-12 intensity) of other mass fragments were also recorded. Cl2
was produced and mixed with a much lower flow rate than in the ‘Efficiency’ studies, with less
than 0.1 LPM Ar purge gas. The flow rate of purge gas was lowered to increase the
concentration of generated Cl2 while also enabling the detection of any trace species
simultaneously being generated. Ar was selected to help distinguish the formation of CO from
N2—which have identical masses—via the gas analyzer.

2.50

Potential (V)

2.00
1.50
1.00
0.50
0.00

0

5

10

15

Time (min)

20

25

30

Figure 4-23. Electrolysis of eutectic LaCl3-CaCl2 (28 and 72
mol% respectively) at 798.1°C held at 1.5 Amps. (CE: 1mm
coiled Mo wire; WE: 3.05mm Graphite rod, surface area 2.3 ±
0.04 cm2; RE: 0.5mm Ag wire in 5.24 mol% AgCl in eutectic
LaCl3-CaCl2).

Approximately 90% of the total increase in signal above background noise detected by
the gas analyzer comes from the mass fragments characteristic of Cl2. This is consistent with the
findings of the ‘Efficiency’ studies. The greatest signal intensity and next greatest increase in
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Figure 4-24. Mass spectra from ~30 minutes and ~40 minutes into electrolysis with inert gas flow (<0.1
LPM Ar). Electrolysis of eutectic LaCl3-CaCl2 at 798.1°C held at 1.5 Amps. (CE: 1mm coiled Mo wire,
WE: 3.05mm Graphite rod, RE: 0.5mm Ag wire in 5.24 mol% AgCl in eutectic LaCl3-CaCl2). (Top-left):
m/z fragments 0-40; (Top-right): m/z fragments 40-80; (Bottom-left): m/z fragments 80-120; (Bottomright): m/z fragments 120-160.

signal over time (~5% of the increase) comes from fragments attributed to CO2 and potentially
CO. Approximately 2% of the increase is accounted for by fragments characteristic of COCl2,
detected with a low raw signal intensity (<1e-10). Each of the other suspected compounds likely
account for less than 1% of the total increase in signal because the signal intensities were much
less than that of the other signals characteristic of COCl2 (<1e-11). Some of these suspected
compounds include CCl4 and volatile chlorides. It is suspected that the formation of CO2 and CO
results from the reaction of trace oxygen ions in the molten salt
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Table 4-8. Mass Spectra Fragments of Suspected Compounds Detected above Background Noise (most
prominent/abundant charateristic mass fragments are highlighted in yellow) [117].
Ar
N2
Cl2
CO2
CO
COCl2
CCl4
Volatile
Chlorides
(FeCl2,
NiCl2,
MoClx,
PtClx)

Characteristic Fragments (m/z ratio)
40
36-38
70-74

117-123

98-102

82-86
82-86

70-74

115-137

44-46
63-66

47-50
47-50

35-37
35-38
35-37

28-29
28-29
28-29
28-30

20
22

14
16
16

12
12
12

63-66

with the graphite WE. If this is so, then the formation of COCl2 is promoted from the reaction of
CO with Cl2. The formation of COCl2 can be avoided if, rather than maintaining a constant
current to the WE, a constant potential characteristic of CO and/or CO2 formation is applied first.
Electrolyzing CO and CO2 prior to Cl2—which would also increase Cl2 generation efficiency—
will be considered and implemented in other studies. Verification of the extent of generation for
these other compounds requires extensive calibration of each individual gas, if accurate
quantification is required. None of these fragements is expected to cause delitirous side reactions
in the chlorination of REE and actinide metals. Hence, further investigation was not pursued in
this study and was deferred to future studies.

4.4. Rare Earth Chlorination
The chlorination of REE was demonstrated via Cl2 electrolyzed from molten, eutectic
LaCl3-CaCl2. The Cl2 produced from molten chloride electrolysis convected upward and
contacted the REE.
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During the chlorination experiment, the potential was greater than 2 V, which steadily
increased and then decreased over time (see Figure 4-25). There were larger oscillations in
potential than in previous experiments, which also increased over time. After 50 minutes, the
potential dropped. This drop was due to the fracturing of the CE at the salt surface (a 0.5mm PtMo wire).

Figure 4-25. Electrolysis of eutectic LaCl3–CaCl2 at 704°C and 1.5 Amps. (CE: 0.5mm OD
coiled Pt-coated Mo wire; RE: 0.5mm OD Ag wire in 5.15 mol% AgCl in CaCl2; WE:
3.05mm OD Graphite rod with 1.77 cm2 surface area).

The cerium foil successfully chlorinated when exposed to convecting Cl2 produced from
molten chloride salts. All sides of the exposed surface area of the Ce foil, regardless of which
side, was covered in gray powder post-chlorination (see Figure 4-26). Of the 52 mg of gray
powder recovered from the foil, 97 ± 10% was confirmed to be chloride via Cl- ion-selective
electrode. The high chloride content detected, as well as the gray-colored powder characteristic
of CeCl3 (which can be white or gray) confirmed the conversion of REE to chloride. To further
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investigate the extent of REE chlorination, additional experiments are necessary with hydrided
metal to increase the surface-to-volume ratio and eliminate mass transfer limitations.

Figure 4-26. Cerium Foil before (Left) and after (Right)
chlorination via electrolysis of eutectic LaCl3-CaCl2 at
798.1°C held at 1.5 Amps. Electrolysis held for 50
minutes (CE: 1mm coiled Mo wire, WE: 3.05mm
Graphite rod, RE: 0.5mm Ag wire in 5.15 mol% AgCl in
CaCl2).

The formation of yellow-orange solid was observed accumulating on the exterior of the
quartz crucible. In previous experiments, some of these ‘flakes’ accumulated on the crucible
exterior in a ring, just at the end of the heating zone in the tube furnace. After chlorination, the
yellow-orange solid accumulated substantially (see Figure 4-27). From prior experimentation, it
was thought that this material was NiCl2, partly due to the color of the deposit, which is
characteristic of anhydrous NiCl2. This was suspected further after detecting Ni in the ‘flakes’
through ICP-MS as well as observing the solid turn green over time when exposed to air (a
characteristic of NiCl2 transitioning into a hydrate). Additionally, the Cl- ion-selective electrode
confirmed the yellow-orange solid from this most recent experiment to be 91.5 ± 10% chloride.
The formation of NiCl2 was likely due to the chlorination of the Ni reactor walls. Implementing
ways to minimize reactor wall chlorination requires additional experimentation.
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Figure 4-27. Chloride Salt after Simultaneous RE
Chlorination and Electrolysis. (Left): Side view of salt with
salt layers and metal (not shown); (Right): Side view of
halved salt block featuring salt layers. Electrolysis of
eutectic LaCl3–CaCl2 at 704°C and 1.5A. (CE: 0.5mm OD
coiled Pt-coated Mo wire, RE: 0.5mm OD Ag wire in 5.15
mol% AgCl in CaCl2, WE: 3.05mm OD Graphite rod).

The quartz crucible also had cracks at the base alongside the melted salt block when
removed from the furnace. The crucible completely fractured at this area when set down. This is
attributed to the cooling rate of the tube furnace being too great (10°C min-1) post-Cl2 synthesis
and to deposited metals contacting the quartz. The melted salt block contained pieces of
reflective electroplated metal and layers of brown and black solid (see Figure 4-27). It is
suspected that the deposition of dissimilar solids may be Ca and La and possibly the result of Ca
or La interacting with the quartz.
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5. Discussion 3

There are several new techniques and procedures that succeeded in these experiments.
The electroanalytical measurements required improved experimental techniques to perform
appropriate measurements. Improvements included housing the electrolytic cell in a grounded
faraday cage and using electrode rods as opposed to wires. Various sizes and types of ceramic,
salt, and electrode wire were compared to optimize RE performance. Other improvements
included electrode positioning in the electrolytic cell. The grounded Faraday cage protected the
electrolytic cell and electrodes from electromagnetic radiation from the furnace heating coils.
Transitioning from coiled wire to larger rods for the CE eliminated shorting. Thinned mullite and
alumina tubes (1-2mm walls), and thin Ag wire (~0.5mm OD) resulted in a stable reference
potential. Alumina tubes that did not require thinning resulted in easier construction and
elimination of structurally weak points due to stresses introduced while machining the tube
thinner. Additional changes minimized oxide contamination and improved electrode cleaning.
Observations indicated the importance of choosing a correct resistance compensation applied to
the electrolytic cell.
For some experiments, CV plots visibly indicated oxide contamination of the analyte.
This occurred when CaCl2 and CaCl2-LiCl were not pre-melted prior to the addition of the
Aspects of the Discussion section taken from publication “Electroanalytical Measurements of Lanthanum (III)
Chloride in Molten Calcium Chloride and Molten Calcium Chloride and Lithium Chloride”,
https://doi.org/10.1016/j.jelechem.2022.116442.
3
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analyte. To minimize oxide and moisture contamination, chlorides were melted for ≥30 minutes
and cooled, at least once, prior to adding and performing electrochemical analysis on LaCl3.
In addition, for one CV experiment, some contaminant was reduced prior to La reduction.
A possible explanation for this reduction is the electrode was not properly ‘cleaned’ prior to
experimentation. In subsequent scans, the potential was increased high enough (up to 0.5V) to
oxidize the WE more fully—stripping or ‘cleaning’ the contaminant from the electrode—while
avoiding electrode oxidation. Driving the potential more positive for subsequent scans led to
decreases in the current density of contaminant until it was negligible.
The applied resistance compensation was varied between scans. The varying
compensated resistances—differing by even 0.1Ω—led to differing current densities. Knowing
the appropriate resistance compensation to apply to molten salts, while avoiding under- or
overcompensation, is vital despite the low resistance due to high currents. Applying resistance
compensation has not always been practiced while taking electrochemical measurements. In fact,
applying resistance compensation in the ‘Rare Earth Reduction’ studies led to CV plots that
indicate electrochemical reversibility up to high scan rates (2500 mV s-1), which has not been
typical in literature for reduction studies in molten salt solvents.
Implementing the unique quartz basket design in the ‘Rare Earth Chlorination’ studies
effectively held Ce in place for chlorination while molten chloride electrolysis occurred. No
chloride contamination was visibly detected on the chlorinated Ce. This suggests that either the
fritted disc at the base of the basket effectively shielded volatile chlorides or the molten chloride
salt was not sufficiently volatile to convect upward with the generated Cl2. The demonstration of
Ce chlorination implies that the fritted discs were sufficiently porous to allow passage and
contact of convecting Cl2 with Ce.
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Prevention of Cl2 accumulation in the event of a leak was successfully demonstrated. As
the Cl2 concentration in the glovebox exceeded safety limits, the power source was shut off and
the Cl2 concentration immediately decreased to below the detection limit. No leaks were detected
outside the glovebox in these instances. These indications of no accumulated gas, in the event of
a leak, verified an important safety advantage for integrating molten chloride electrolysis (as
opposed to Cl2 storage vessels) to the CVP (see Appendix C for the emergency shutoff system).
There are several suggestions to improve the electrolytic setup and ‘Chlorine Generation’
and ‘Rare Earth Chlorination’ studies. These considerations must be addressed before
implementing the in-situ Cl2 generation for REE and actinide chlorination (vial molten chloride
electrolysis) to larger-scale experiments (electrolyzing up to 2 kg chloride).
Regarding the electrolytic setup, it is recommended to improve CE performance and the
crucible and basket designs. To improve CE performance, it is recommended to either replace
the CE electrode material or house the CE in a ceramic sheath submerged in the salt. Sheathing
the CE will minimize exposure to Cl2 and subsequent chlorination at elevated temperatures. The
CE electrode could alternatively be replaced with a thicker (>1mm) coiled Pt-coated Mo wire or
a Pt-coated mesh. The larger surface area submerged in the molten salt surface will minimize
corrosion and fracturing across the CE. The crucible design may be improved to minimize
fracturing. The quartz crucible may be replaced with alumina. Alumina has consistently resisted
fracturing from temperature changes (introduced by cooled electrode insertion or sudden changes
in furnace temperatures) across each experiment. Alternatively, experiments may continue using
the remaining quartz crucibles, but with strictly regulated and limited heating and cooling
procedures to <5°C minute-1. Extra care should be taken to avoid contacting the heated quartz
crucibles with cooled electrodes. In the cases of salt spillage, which was often a consequence of
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crucible fractures, the Ni reactor may be lined with a thin, stainless-steel or Ni sheet shaped into
a catch basin. The quartz basket may be improved by implementing a simpler way to remove the
basket to and from the reactor and electrodes. Modified dimensions will aid the insertion of
electrodes through the basket to be less constricted than in previous experiments.
Regarding the ‘Chlorine Generation’ studies, it is suggested to find ways to prevent
COCl2 formation and consequentially improve efficiency. To prevent COCl2 formation, it is
recommended to oxidize and remove all the oxygen anions from the molten salt prior to
generating Cl2. This will require preliminary experiments to verify the potential for CO and CO2
generation. The time required to deplete the oxygen ions in the molten salt near the electrode—as
well as in the bulk of the salt—must be investigated. To quantify the evolved Cl2 more
accurately from molten salt, a new flowmeter with less error will be considered, as well as a
pressure transducer that can resist chlorination at ambient temperatures.
Regarding the ‘Rare Earth Chlorination’ studies, it is suggested to increase the REE
surface area of exposure for chlorination, verify the chlorination of impurities as well as REE,
consider natural convection for recycling Cl2, and confirm the extraction of purified REEs postchlorination and chloride electrolysis. The impurity chlorination can be verified by mixing the
REE with other metals representing impurities. The REE surface area of exposure can be
increased by hydriding the metal mixture. Exposure of impure REE to hydrogen at elevated
temperatures will fracture the metal to pieces 50-1000μm [6]. The kinetics and depth of
penetration for the gas-solid, metal-to-metal-chloride reaction can be intensively studied to
optimize the conversion. Natural convection of Cl2 can be implemented to minimize recycling.
With the sides of the Ni reactor maintained at elevated temperatures, and the top and bottom of
the reactor differing in temperature, the generated Cl2 will convect upward until it cools,
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condenses, and contacts the impure REE. Any Cl2 that did not condense at that point will
continue to rise in the reactor, cool further, and contact the impure REE after the gas sinks. The
cyclic path, Rayleigh convection, may theoretically continue until the Cl2 is depleted (see
Appendix E). Both Rayleigh convection and a peristaltic pump will be considered for recycling
Cl2 and minimizing Cl2 waste in additional studies. The extraction of purified REEs, whose
chlorides have been purified via the CVP in previous experiments, has yet to be verified postchlorination of impure REEs.
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6. Conclusions 4

These experiments have been successful to demonstrate in-situ chlorination of REEs via
molten chloride electrolysis. Several aspects were neither studied nor attempted prior to this
examination and demonstration. These include the reduction of La in unique molten salt
solvents, comparing the oxidation behavior of several anodic candidates, quantifying Cloxidation kinetic parameters, assessing the quality and efficiency of Cl2 generated via molten
chloride electrolysis, and demonstrating REE chlorination via in-situ Cl2 generation from molten
chloride electrolysis.
For the ‘Rare Earth Reduction’ studies, La was examined in CaCl2-LiCl and CaCl2. For
LaCl3 in CaCl2-LiCl, the La reduction peak heights were calculated assuming a ‘flat’ baseline
compared to the decrease in current density with respect to potential representing La reduction.
La reduction peak heights and Berzins-Delahay relations were used to estimate values of Do,
which were consistent with values from similar salt systems. The dependence of La reduction
peak height and the independence of La reduction peak position on scan rate indicate that the salt
system is reversible up to scan rates as high as 2.5 V s-1. La reduction peak potentials at low scan
rates (<100 mV s-1) could not be accurately distinguished from Ca reduction. The BerzinsDelahay relations underestimated the number of electrons exchanged, n. A complete comparison
Some of the ‘Conclusions’ section taken from publication “Electroanalytical Measurements of Lanthanum (III)
Chloride in Molten Calcium Chloride and Molten Calcium Chloride and Lithium Chloride”,
https://doi.org/10.1016/j.jelechem.2022.116442.
4
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of the theoretically calculated Berzins-Delahay peak profile to the experimentally measured peak
profile revealed the experimental peak to be broader, which is suggested to be due to the
deposition onto a foreign substrate (i.e., non-unity activity of the deposited metal). Improving
models for predicting electrodeposition of this and similar salt systems is needed for more
accurate and consistent results. Nonetheless, more accurate values of n (2.98 and 2.93) were
calculated via SWV and models for metal deposition onto a foreign substrate.
For LaCl3 in CaCl2, the reduction peak heights and positions could not confidently be
determined using direct measurements due to significant overlap of La reduction peaks and Ca
reduction. SD data clearly distinguished La reduction peaks from Ca reduction. However, the
dependence of SD data on scan rate is not clear. Further refinement of semi-differentiation of
discrete metal deposition peak data is needed to ensure that artifacts are not introduced in the
analysis. Nonetheless, SD provided a path forward to analyze the La deposition peak and enable
the calculation of properties within the range of scan rates where reversibility could confidently
be assumed.
Considering the ‘Electrode Performance’ studies, the oxidation of the anodic candidates
was studied in CV experiments of LaCl3 in CaCl2. Pt, Pt-coated Mo, W, and graphite oxidized at
greater potentials than Ni-coated Ni and Mo, though Pt and graphite did so while resisting
chlorination and without corroding beyond the first forward scan. Io and α were estimated by
fitting several theoretical models to CVs taken of the anodic candidates. Io varied between
models, though graphite consistently had a greater Io than Pt, indicating that graphite has the
more favorable kinetics for oxidizing Cl- in the molten salt. It is also meaningful to illustrate that
the theoretical models predict Io values that differ with statistical significance and α values that
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do not. The fact that models result in significantly different Io values underpins the importance of
verifying the assumptions for implementing each model.
Regarding the ‘Chlorine Generation’ studies, the efficiency of Cl2 was calculated to be
96.5 ± 9.7%. Most of the error is attributed to the error in the flowmeter of the inert gas that
mixed with the synthesized gas. The non-unity efficiency is attributed to the generation of side
reactions, mainly CO and/or CO2 formation and the chlorination of the metal apparatus. The
reaction of CO with Cl2 could explain the observation of mass fragments characteristic of COCl2.
Nonetheless, the efficient generation of Cl2 gas (>80% efficiency) via molten chloride
electrolysis was demonstrated.
For the ‘Rare Earth Chlorination’ studies, the chlorination of REE (Ce) was demonstrated
with Cl2 produced from molten chloride electrolysis. The high degree of chlorination of the Ce
foil, both from the visual change in foil coloration and texture, as well as a Cl- ion-selective
electrode confirming 97 ± 10% chloride from recovered salt, indicate the effectiveness of
chlorinating REE via Cl2 electrolyzed from molten salts.
These experiments suggest that in-situ Cl2 generation via molten chloride electrolysis for
REE and actindie chlorination is a viable and promising method for improving the CVP. REEs
and actinides can be reduced while simultaneously generating Cl2. All of the steps of CVP and
Cl2 generation can potential be performed simulataneously within the same process vessel
making the installation of Cl2 storage vessels and delivery lines for CVP unnecessary. In
addition, in the event of leaks, the integration of chlorine sensors with relays in the emergency
shutoff system demonstrated that the power source can be cut off to the electrodes, which halted
the accumulation of Cl2. In-situ Cl2 generation via molten chloride electrolysis greatly minimized
Cl2 hazards and improved the safety of the CVP. Following the recommended improvements to
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these experiments, as well as adding other preliminary experiments, in-situ Cl2 gas generation
may be optimized for safer, effective purification of REEs and actinides.
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Appendix A. Eutectic CaCl2-LiCl and LaCl3-CaCl2

For the ‘Rare Earth Reduction’ studies, the reduction behavior of LaCl3 was measured and
compared in the CaCl2 and CaCl2-LiCl (23 and 77 mol%, respectively) solvents. With an operating
temperature ranging from 690-830°C, the molten chlorides in both solvents were in the liquid
phase during experimentation (see Figure A-1).

Figure A-1. Phase Diagram of LiCl and CaCl2 [118].
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For the ‘Chlorine Generation’ and ‘Rare Earth Chlorination’ studies, a phase diagram
was not provided in literature for eutectic LaCl3-CaCl2 (28 and 72 mol%, respectively).
Nevertheless, observations on the melting point of LaCl3-CaCl2 eutectic were recorded
experimentally (see Figure A-2). Any instances in which one or both chlorides did not melt were
recorded. The solidifying of one chloride was visibly indicated by the formation of uniform
particles or 'islands’ in the molten salt. The inconsistency in the required temperature for melting
both chlorides calls for additional experimentation.

Figure A-2. Melting Point Observations for eutectic LaCl3-CaCl2.
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Appendix B. Chlorosorb Dwell Time

The scrubber was filled with ~150g Chlorosorb packing (Purafil, 35-45%/15-25%/1525% carbon/aluminum oxide/carbonic acid-dipotassium salt), which has been used for scrubbing
Cl2 at industrial storage facilities. Chlorosorb can scrub up to 15% Cl2 by mass. Nonetheless, no
information was provided for scrubbing Cl2 at various flow rates or dwell times. Experiments
were conducted to survey the efficacy of Chlorosorb under varying flow rates of calibrated Cl2
gas (Calgas, 50ppm Cl2, balance N2).
Cl2 was released from the calibrated bottle and flowed toward a gas washing bottle (1 L)
through PVC tubing (see Figures B-1 through B-3). The flow rate (0.3-3 LPM) was manually
controlled by a stainless-steel and aluminum anodized ‘Dial-A-Flow’ regulator (Calgas). The gas
washing bottle was filled with Chlorosorb up to the glass fritted disc (see Figure B-2). Cl2
entered the gas washing bottle from the top, exited through the fritted disc at the bottom, and
traveled out of the bottle. Cl2 continued to a Teflon three-way valve, which diverted Cl2 either to
a scrubber or a gas detector (COSMOS PS-7, with a Cl2 sensor that can detect 0-10ppm Cl2). The
valve was fastened to process lines with hose clamps. Cl2 traveled to the gas detector along
Teflon process lines and exited through a scrubber. The Teflon and PVC tubing were joined via
plastic adapters, tube connectors, and hose clamps. The scrubber consisted of 0.15 M NaOH
solution in a plastic beaker. After Cl2 passed through the detector at all the desired flow rates, the
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valve was closed off to the calibrated gas cylinder and the apparatus was purged with an in-house
air stream traveling through the tubing toward the scrubber.

Figure B-1. Flow Diagram of Chlorosorb Scrubber Analysis.

Figure B-2. Chlorosorb in Gas
Washing Bottle. Gas passed
through thin layer of packing (~3
grams) above annular frit.
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Figure B-3. Chlorosorb Analysis Apparatus. Features calibrated
Cl2 bottle, gas washing bottle, NaOH scrubber, and gas detector.

The Cl2 sensor did not detect any Cl2 after flowing 0.3, 0.5, 1, 1.5, 2, 2.5, and 3 LPM of
calibrated Cl2 through the Chlorosorb packing. Each trial at each flow rate was timed to consume
the same amount of Cl2 from the calibrated gas bottle. To verify that the sensor functioned
correctly, the Cl2 gas was fed directly to the sensor, bypassing the gas washing bottle. The
detector alarm sounded after its 10ppm limit was exceeded, demonstrating that the detector
functioned appropriately and the Cl2 that passed through the Chlorosorb was successfully in the
previous tests. The amount of Chlorosorb used in the washing bottle was 83 grams, which was
the weight of Chlorosorb above the glass frit in the bottle (the contact point between incoming
gas and Chlorosorb). The mass of Chlorosorb was reduced to 21.5 grams, then 3 grams (see
Figure B-2), and the Cl2 sensor did not detect any Cl2 at any flow rate.
It was confirmed that Chlorosorb effectively scrubs Cl2 up to 3 LPM in a dilute stream.
The packing should effectively scrub Cl2 according to its specifications (absorbing up to 15% by
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mass). In addition, calculations were performed to determine the highest flow rate expect during
electrolysis of Cl2. Assuming 100% current efficiency, the flow rate of Cl2 expected at a
maximum current of 25 A and 800°C (for large-scale experiments, i.e., electrolyzing 2 kg molten
chloride), and assuming Faraday’s Law and ideal gas formation (see Eqn. [4-22]), is 0.8
LPM. This flow rate is within the range of flow rates examined for Chlorosorb analysis, so
Chlorosorb should be suitable for scrubbing Cl2 from small- and large-scale electrolysis of
molten chlorides.
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Appendix C. Gas Detection and Emergency Shutoff System

Cl2 and HCl detectors were installed on top of the glovebox (see Figure C-1). Two
detectors monitored Cl2 and HCl concentrations in the glovebox and two monitored
concentrations in the laboratory. The design (see Figure C-2) calls for manually diverting the
detector sampling between the glovebox and the lab air. This will extend the lifetime of the
sensors, as the sensors wear out more quickly while exposed to the dry, inert, gas-filled
glovebox. The detectors only monitored the glovebox during experiments. Post-experiment, after
it was confirmed that there was no Cl2 or HCl contamination in the glovebox, the detectors
monitoring the glovebox switched to sampling the laboratory air.

Figure C-1. Cl2 and HCl Detectors
Mounted on Laboratory Glovebox.
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Figure C-2. Diagram of Plumbing for Cl2 and HCl Detectors.

If there was a Cl2 or HCl leak in the glovebox greater than 1 ppm and 5 ppm respectively,
and there was no leak in the lab, the potentiostat was designed to shut off automatically via a
relay (see Figure C-3). If the shutoff did not occur automatically, students were instructed to
manually shut it off. With the potentiostat shut off, the chloride salts would no longer electrolyze
and form additional Cl2. If there was a leak in the laboratory, the procedure was the same
regarding the potentiostat. The concentrations of Cl2 and HCl for this to occur was 0.4 and 2.5
ppm, respectively. An alarm was set to sound with large orange lights flashing above the
laboratory doors. Personnel were instructed to be limited to those who will investigate the leak in
that instance. If the concentrations of Cl2 and HCl would rise to 0.5 ppm and 5 ppm respectively
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(the NIOSH PEL limits), an alarm was set to sound with large red lights flashing above the
laboratory doors. The lab was instructed to evacuate in this instance. Thermal emergency control
was also implemented. Should the temperature of the glovebox exceed 110°F or the flow of
coolant flowing through the glovebox heat exchanger was less than 0.15 GPM, the furnace will
automatically shut off via a temperature switch and flow switch respectively (see Figure C3). Additional emergency scenarios and corresponding safety measures were discussed and
approved in a department safety meeting with professors and technicians. Such scenarios
included gas accumulation in the evacuated laboratory, gas accumulation in the laboratory
without triggering the alarms, exposure treatment, etc.

Figure C-3. Automated Control Diagram, prepared by
D. Rappleye, April 16, 2021.
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Appendix D. Chlorine Calibration and Efficiency Calculations

The concentration of incoming Cl2 was calculated by the gas analyzer software. This was
done by extrapolating the raw signal and concentration of a calibrated gas from the last data
point of an existing data file. However, extrapolating the last data point of the calibration file
introduced error that was not accounted for by the gas analyzer (see Figure D-1). Therefore, the
error of the extrapolation (from the last data point) was manually estimated with a 95%
confidence interval of 35 data points at an approximate steady-state raw signal detection,
assuming a student’s t-distribution (see Figure D-1).

2.23E-11
2.23E-11

Raw Signal

2.22E-11
2.22E-11
2.21E-11
2.21E-11
2.20E-11
2.20E-11
2.19E-11
2.19E-11
34.5

35.5

Time (min)

36.5

37.5

Figure D-1. Steady-State Section of Calibrated Cl2 Gas. Last
data point used to predict electrolyzed Cl2 concentrations.
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The raw signal could only be correlated to one concentration. The error in the calibrated
Cl2 concentration also could not be accounted for by the gas analyzer. The calibrated bottle
(Calgas, 2000ppm, balance N2) was in fact 1975ppm ± 2%. The error in the calibrated gas
concentration was manually accounted for by extrapolating the lowest and highest possible Cl2
concentrations (derived from the error in the calibrated bottle), obtaining the confidence
intervals, and taking the difference between the maximum and minimum resulting concentrations
(see Eqns. [D-1] through [D-3] and Figure D-2).
𝐶𝐶𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶2,max 𝑎𝑎𝑎𝑎𝑎𝑎 ± 𝑡𝑡𝑎𝑎−1

𝑠𝑠𝐶𝐶𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚
√𝑛𝑛

(D-1)

where Cl2,max CI is the confidence interval of the maximum Cl2 concentration of the calibrated
gas predicted by the gas analyzer (ppm), Cl2,max avg is the average Cl2 concentration of the
calibrated gas predicted by the gas analyzer (extrapolated from 1975 + 2% ppm) (ppm), tα-1 is the
student’s t-statistic at 95% confidence, sCl2,max is the standard deviation of the Cl2 concentration
of the calibrated gas predicted by the gas analyzer (extrapolated from 1975 + 2% ppm) (ppm),
and n is the number of data points taken from the calibrated gas data file.
𝐶𝐶𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶2,min 𝑎𝑎𝑎𝑎𝑎𝑎 ± 𝑡𝑡𝑎𝑎−1

𝑠𝑠𝐶𝐶𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚
√𝑛𝑛

(D-2)

where Cl2,min CI is the confidence interval of the minimum Cl2 concentration of the calibrated gas
predicted by the gas analyzer (ppm), Cl2,max avg is the average Cl2 concentration of the calibrated
gas predicted by the gas analyzer (extrapolated from 1975 – 2% ppm) (ppm), and sCl2,min is the
standard deviation of the Cl2 concentration of the calibrated gas predicted by the gas analyzer
(extrapolated from 1975 – 2% ppm) (ppm).
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The error was determined via Eqn. D-3:
𝐶𝐶𝐶𝐶2,𝑐𝑐𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

max(𝐶𝐶𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝐶𝐶) − min(𝐶𝐶𝐶𝐶2,𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝐶𝐶)
2

(D-3)

Because the extrapolations were taken from the same data set, the confidence intervals between
Cl2,min and Cl2,max were identical. The resulting error in Cl2 concentration in the gas analyzer,

Extrapolated Cl2
Concentration (ppm)

using the 2000ppm Cl2 calibrated gas, was 35ppm.
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Figure D-2. Extrapolated Concentrations of Flowing Calibrated
Cl2. Accounts for error in calibrated gas.

The Cl2 generation efficiency, β, was calculated according to Eqns. (4-21) and (4-22) (see
Section 4.3.1). The error of β was calculated via the propagation of error, using 35ppm as the
error in the detected Cl2 concentration and 0.414 LPM as the error in the flow rate of N2 through
the rotameter (derived from the 10% error in the expected value for N2 through the rotameter,
according to the Manufacturer’s Guide). The flow rate of N2 was converted to moles assuming
ambient conditions and ideal behavior once the gas reaches the gas analyzer. Β and its error were
calculated from a section of data that was approximately at steady-state flow (see Figure D-3).
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Figure D-3. Gas Analyzer Chlorine Detection from Electrolysis and
Inert Gas Flow (~4 LPM N2). Electrolysis of eutectic LaCl3-CaCl2
(28 and 72 mol% respectively) at 798.1°C held at 1.5 Amps. (CE:
1mm coiled Mo wire, WE: 3.05mm Graphite rod, RE: 0.5mm Ag
wire in 5.24 mol% AgCl in eutectic LaCl3-CaCl2). Features steadystate portion of the graph from which efficiency information was
calculated.
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Appendix E. Rayleigh Convection

Natural convection for Cl2 can be implemented to minimize recycling. With the sides of
the nickel container maintained at elevated temperatures, and the top and bottom of the reactor
differing in temperature, the generated Cl2 will convect upward into contact with the impure RE,
cool, and condense. The cyclic path, Rayleigh convection (see Figure E-1), will theoretically
continue until the Cl2 is depleted. Designs were considered for large-scale (up to 2kg molten
chloride electrolysis) experiments that exploit this convection.

Figure E-1. Rayleigh Cylindrical Convection Cells. (Left):
Vertical Cylindrical Cell; (Right): Vertical Annular
Cylindrical Cell. Tc is the temperature at the top of the cell,
Th is the elevated temperature at the bottom of the cell, and
Ts is the temperature of the cell wall.
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If the temperature difference between the top and bottom of the unit housing the electrolytic cell
is such that the dimensionless Rayleigh number exceeds a critical value, cyclic convection will
occur (see Eqn. [E-1], the general Rayleigh equation for a vertical cylinder). Initial calculations
for a cylindrical system containing Cl2 at elevated temperatures (800°C) indicate that Rayleigh
convection will occur with minimal (<5°C) temperature differences between the top and bottom
of the cylindrical cell. Cl2 properties were estimated at elevated temperatures [119]. These
calculations were made assuming a container with an aspect (height-to-diameter) ratio of 1 and
insulated walls [120], [121], aspect ratio of 1 and conductive walls [120]–[122], and an aspect
ratio of 2.5 and insulated walls [123]. Nonetheless, the exact shape of the Cl2 flow patterns are
difficult to predict. Also, the electrolytic cell will have a much larger aspect ratio and the
electrodes in the center of the cell act as annuli. For a vertical annular cylindrical system, initial
calculations indicate that convection will occur with minimal temperature differences between
the top and bottom of the cylindrical cell as well. These calculations were made assuming a
vertical annular cylinder with an outer-radius-to-height ratio of 1.2 [124] and an aspect ratio of
15 and outer-radius-to-inner radius ratio of 2 [125]. The generally consistent results between
varying models and cell shapes indicate that cyclic convection will occur in the electrolytic cell,
thus making the recycle of synthesized Cl2 with RE reactions (until Cl2 depletes) plausible.
𝑔𝑔𝑔𝑔(𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐 )𝐻𝐻 3
𝑅𝑅𝑅𝑅 =
𝜈𝜈𝜈𝜈

(E-1)

Where Ra is the Rayleigh number, g is the gravitational constant (m s-2), β is the thermal
expansion coefficient (K-1) of the fluid, Th is the temperature at the bottom of the cylinder (K), Tc
is the temperature at the top of the cylinder (K), H is the height of the cylinder (m), ν is the
kinematic viscosity of the fluid (m2 s-1), and α is the thermal diffusivity of the fluid (m2 s-1).
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